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5. INTRODUCTION

Malaria continues as a major health threat throughout the tropical world and potential
demand for antimalarials is higher than for any other medication yet the world faces a crisis-drug
resistance is emerging and spreading faster than drugs are being developed and the flow in the
pipeline of new drugs has all but stopped. This represents a particular threat to the US Military.
In a short time there may be parts of the world where no effective antimalarial drug is available.
The recent emergence of multidrug resistant malaria parasites has intensified this problem.
Recognizing this emerging crisis, it is necessary to identify new strategies for the identification
and development of new antimalarials. The goal of this work is the development of a framework
for antimalarial drug development into the 21st century.

A new strategy for drug development is urgently needed. Current drugs are based on a
small number of target molecules or lead compounds and in most cases the target of drug action is
yet to be identified. Resistance is emerging rapidly and the mechanisms of resistance are poorly
understood. The identification of new targets or new candidate drugs based on an understanding
of the parasite biology are key elements in this new strategy. Clearly the development of a new
antimalarial will require both basic and applied research working in concert with one another.

The goal of this work is to use a molecular genetic approach both in the identification of
new drug targets and in the investigation of mechanisms of drug resistance. These approaches are
based on the functional analysis of malaria genes with the goal of using this information in the
identification and development of new antimalarial drugs. This is a new strategy and it is being
applied because of the crisis facing us in antimalarial drugs. The previous strategy, namely lead
directed screening must be supplemented by new strategies or we will be faced with multiresistant
Plasmodiumfalciparum and no drugs to treat it.

Importance of drug resistance

Drug resistance has emerged as a major problem in the treatment of all microbial agents and
in many cancer chemotherapies. This has necessitated the continuous development of new
chemotherapeutic agents both for treatment of infectious agents and for cancer chemotherapy.
Often resistance develops through selection of a mutation in the target enzyme of the drug or in the
overexpression of that enzyme. For example, resistance to antifolate drugs is frequently associated
with mutations in the dihydrofolate reductase enzyme or in its overexpression (Bzik et al. 1987,
Peterson et aL 1990). An alternative type of resistance, namely multidrug resistance has emerged
as a major problem in the treatment of many cancers and remains a major obstacle to the successful
control of certain neoplasias with chemotherapy. This type of resistance is characterized by several
unique features and the molecular basis for this resistance is under extensive investigation (Choi et
al. 1991, Gros et al. 1986, Roninson et al. 1986, Raymond et al. 1990, Udea et al. 1987a, 1987b,
Guild et aL 1988). In the case of multidrug resistance, resistance is observed to a number of
structurally distinct drugs each with a different target. Selection of cells resistant to one drug
results in the cross resistance to several structurally and functionally unique drugs. The genes
associated with this resistance are the multidrug resistance mdr genes. The mdr genes encode
membrane glycoproteins, the P-glycoproteins which mediate the efflux of drugs from the cell.
Amplification of the mdrl gene in resistant cells results in increased expression of the P-
glycoprotein and thus increased efflux of drugs. Thus, the cells are resistant because drug is
rapidly removed from the cell before significant toxicity occurs. Use of transfection o1 the mdrl
cDNA has demonstrated that overexpression of this gene is sufficient to confer the multidrug
resistance phenotype. Drug resistance can be modulated by the use of several compounds
including verapamil which appear to inhibit drug efflux. The current hypothesis is that verapamil
and related compounds directly bind the P-glycoprotein molecule and block efflux and evidence for
direct binding of radiolabelled verapamil to the P-glycoprotein molecule support this hypothesis.
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In the case of malaria, the similarity in the pharmacological features of the chloroquine
resistance in P. faciparwn, namely the proposed efflux mechanism and the reversal of resistance
by verapami, desipramine and related compounds led to the proposal that a similar mechanism for
drug resistance was operating in P. fakiparwm (Martin et aL. 1987, Krogstad et al. 1992). Both
our group under the support of this grant (Wilson et al. 1989, Foote et al. 1989) and David
Kemp's group identified genes that had sequence and predicted structural similarity to the mdr
genes and have completed the sequence, analyzed the expressed mRNA and protein. These genes
and their encoded proteins are indeed related to the family genes in the ATP-Binding Cassette
family and have the highest homology with the mdr genes from mouse and human. Thus, the
hypothesis was proposed that these genes are involved in drug resistance in P. falciparum. Further
evidence for this proposal was presented by the Foote et al. (1990) in identifying several
polymorphism within the PfiWrl gene which appeared to be associated with chloroquine
resistance in field isolates. This evidence was in contrast to the analysis by Wellems et al. in
performing a genetic cross between a chioroquine resistant and chioroquine sensitive cloned
parasite (Wellems etaL 1990, 1991). In the genetic analysis, both the pfmdrl gene and its
assorted polymorphism could be dissociated from chloroquine resistance. This was confirmed by
a collaboration between our group and the NIH group in which we sequenced the relevant regions
of the polymorphism from the resulting progeny (Wilson et al. 1993). Further evidence to refute
the association of polymorphism in the pfmdrl gene associated with chloroquine resistance was
obtained by sequencing recent isolates of drug resistant P. falciparwn (Wilson et al. 1993). We
have completed this and have demonstrated in 12 new isolates of chloroquine resistant parasites,
that the pffidrl gene sequence is identical to that predicted for the chloroquine sensitive phenotype,
thus refuting the original Foote et al claim. Further RFLP analysis of the genetic cross by the
Wellems group has determined linkage of the resistant phenotype to a small region of chromosome
7, a location distinct from the known location of either pfindrl or pfindr2. Thus, the conclusion
from this work is that neither the pfindrl or pfmdr2 gene is linked to chloroquine resistance.

The mechanisms of chloroquine resistance remains unknown but progress has recently
been reported on a putative target for chloroquine drug action. Slater et al. (1992) have reported an
enzyme activity, herne synthetase which is hypothesized to be involved in the formation of
hemozoan pigment and is a method for detoxification of the heme. This enzyme activity in cell
extracts is inhibited by chloroquine and related quinones. Interestingly, the enzyme activity is
equally sensitive to chloroquine whether derived from chioroquine sensitive or chloroquine
resistant parasites. These results indicate progress towards identifying the primary target of
chloroquine action and are consistent with the hypothesized importance of efflux of the chloroquine
in drug resistance. The increased efflux phenotype remains associated with chloroquine resistance
both in the genetic cross experiments and in new chloroquine resistant field isolates (Krogstadt et
al. 1992, Wellems et al. 1990 and Watt et al. 1990). In addition reversal of chloroquine resistance
with verapamil is observed in all chloroquine resistant strains tested. Thus, the pharmacology of
this system remains consistent and has many similarities to the efflux mediated multidrug resistance
in mammalian cells. However, the genetic evidence argues strongly that the identified pfindrl and
pfindr2 genes are not linked to the chloroquine resistance phenotype.

The role of pfmidr genes in other drug resistance mechanisms remains an open and
important question. This is particularly the case for mefloquine resistance in Southeast Asia
(Oduola et al. 1987, 1988, Nosten et al. 1991, Kyle et al. 1990, Shanks et al. 1991). In our
original work, we demonstrated that in a laboratory selected mefloquine resistant cloned parasite,
W2mef, the pfdrl gene was amplified when compared to the cloned parent parasite, W2. In
subsequent work, Peel et al have demonstrated that under increased mefloquine selection pressure
that the pfindrl gene is further amplified approximately 8-10 fold. We also demonstrated an
increased expression of pfindrl mRNA in W2mef compared to W2. This work has now been
expanded to include several field isolated of mefloquine resistant parasites and our data suggests
that in mefloquine resistant parasites in Southeast Asia, an amplification of the pfindrl gene and an



7

increased expression of mRNA is associated -ith this resistance (Volkman et aL 1992). Further,
analysis of the mefloquine resistant strains from Southeast Asia demonstrates that they are cross-
resistant, in vitro, to other unrelated drugs, similar to the cross-resistance observed in multidrug
resistant mammalian cells (Wilson et aL 1993). Resistance to all drugs can be reversed by
penfluoridol and other reversal compounds. Thus, it appears that mefloquine resistant P.
falcipWnn has many of the characteristics in common with multidrug resistant mammalian cells,
however, definitive proof of this relationship awaits functional analysis.

The protein encoded by the pfimdrl gene has been identified both by our group (Serano et
aL 1994) and by Cowman and coworkers (1991) using antibody raised against fusion proteins.
The P-glycoprotein molecule is 160,000 -170,000 MW and is found associated with membranes in
fractionation studies. Cowman finds an association of the protein with the parasite food vacuole
and proposes that it is involved with transport in and out of that vacuole. Further investigation of
its localization throughout the parasite fife cycle and in drug resistant verses drug sensitive parasites
is necessary.

While this work was ongoing in P. falciparum, both our group and other groups undertook
to investigate the potential role of mdr-like genes in drug resistance in other parasitic organisms. A
similar approach was taken in the identification and cloning of mdr-like genes in other parasites.
With the collaboration of Dr. Esther Orozco, we cloned two mdr-like genes from Entamoeba
histolytica and demonstrated an association of overexpression of one of these genes with emetine
resistance (Samuelson etal. 1990 and Ayala et aL 1990). This work is being continued by Dr.
Orozco and Dr. John Samuelson, who was a postdoctoral fellow and is now an independent
investigator in the department.

We also initiated studies of the mdr-like genes in Leishmania enriettii using the same
approach of cloning homologous genes using PCR and primers based on the conserved ATP
binding sites of the mdr gene family, and cloned several independent mdr-like genes. In
collaboration with Dr. Buddy Ullman, Oregon Health Science University, we have identified one
of these genes, dmdrl, as amplified in vinblastine resistant L donovani (Henderson et al 1992).
In parallel work in Leishmania tarentole, Oulette and Borst identified five mdr-like genes, one of
which was located on the H-region resistance element (Oulette et al. 1991, 199 1a, 199 lb).
Subsequen• work by Callahan and Beverley (1991) and Oulette et al. (1991) have demonstrated
this mdr-like gene is associated with arsenite resistance in these parasites. The gene identified as
associated with arsenite resistance is distinct based on DNA sequence and chromosome location
from /dmdrl which is associated with vinblastine resistance. Thus, in Leishmania, there are at
least five mdr-like genes, two of which are associated with drug resistance. In the case of arsenite
resistance, the pgpa gene has been transfected into a sensitive strain of parasite and there has been a
clear demonstration of the association of this gene with arsenite resistance (Callahan and Beverley
et aL 1991). We have tested both the ldrmdrl gene and its homologue cloned from Leishmania
enriettii, the emdrl gene, by cloning in the expression vector pALTNEO and transfection into
wild type L enrienji. The resulting transfected cells were resistant to vinblastine, thus
demonstrating the role of the emdrl and /dmdrl genes in drug resistance (Chow et al, 1993,
Henderson et al 1992).

The observation that amplification and increased expression of mdr-like genes in
Leishmania sp. is associated with drug resistance in these parasites provides an excellent model
system for the analysis of the detailed mechanism of this resistance in a parasitic protozoal system
and should provide insights into the analysis of drug resistance in these organisms. The advantage
to the Leishmania system is the ability to transfect the parasite (Laban etal. 1990 and Kapler et aL
1990) and thus site specific mutagenic analysis of the mdr-like genes can be readily undertaken.
This has been an extremely powerful approach in mammalian cell systems in the analysis of the
mdr genes and their functional domains.
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It is interesting to note that there are at least five genes in Leishmania. This is in contrast to
mammalian cells in which there are three genes, two of which are closely related. Thus, one
immediate result of the work in Leishmania is that we are pursuing potential additional mdr-like
genes in P. falkparmm with the notion that although chloroquine resistance in not linked to the two
known genes, there may be additional, unidentified mdr-like genes, one of which may be involved
in chloroquine resistance.

6. BODY

Progress has been made on all of the original technical objectives and summaries of the
work are included in this section and detailed descriptions in the accompanying appendix material.
In addition, recent progress has been made in developing a homologous transfection system for the
malaria parasite. This is the first step in the development of a system for the functional analysis of
various parasite genes both in the investigation of the mechanisms of drug resistance and in the
identification and testing of new targets for drug development.

Identification of mdr genes in P. fakiparum

These studies were initiated based on the observation that one mechanism of drug
resistance in P. falciparwn may be similar to multi-drug resistance in mammalian cells, namely the
mediation of drug efflux by an ATP-dependent efflux pump. A prediction of this model was that
the parasite would have mdr-like genes and that these would be involved in drug resistance. We
used sequences that are conserved in the mammalian P-glycoproteins and several bacterial
transport proteins to identify putative mdr-like genes in P. falciparum. Two primers based on
conserved protein sequences shared in the mouse mdr, human mdr and the bacterial hemolysin
B(HIyB) proteins were synthesized. The sense primer was based on a nine amino acid homology
found in position 1066-1075 and the antisense primer was based on a seven amino acid homology
found in position 1198 to 1204 of the murine mdr gene. The codon usage was based on the
preferred codon usage for P. fakciparan.

Two mdr-like genes were identified in P. falciparnm using this approach, pfindrl and
pfindr2. pfindrl was independently identified by the David Kemp's group. Most of our research
effort has been focused on the pfindrl gene because of its association with mefloquine resistance in
P. fa/ciparwm (see below). We have sequenced the entire pffidrl open reading frame from a
number of independent P. falciparwn strains (see below) and the gene encodes a protein with
strong homology with mammalian mdr genes both in primary sequence in the highly conserved
putative ATP-binding regions and with predicted structural similarity in the transmembrane
regions. By Northern analysis (see Volkman et al. 1993), we have demonstrated that the pfindrl
gene is expressed at all stages of the asexual parasite life cycle, but that there are different mRNA
sizes in rings (single 8.5 kb mRNA) and trophozoite (8.5 kb and 7.5 kb mRNAs). These mRNAs
are larger than would be predicted based on the size of the open reading frame (4.5 kb) and
characterization of the structure of these mRNAs is underway through a combination of reverse
transcriptase-PCR analysis, primer extension analysis and nuclease protection analysis. Reverse
transcriptase-PCR analysis demonstrates that across the coding region of the pfmdr 1 gene both
mRNAs are colinear with the genomic DNA. In the region 3' to the end of the coding region, there
is a divergence between the genomic and mRNA sequence as demonstrated and the basis of this
difference is currently being investigated by direct sequence analysis of the PCR products derived
from genomic DNA and mRNA.

- .- -Ir-----
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A•socation of phndrl amplification with mefloquine resistance

Our analysis of mdr genes and drug resistance began with a study of the cloned Indochina
strain W2 and its derivative, W2mef which was selected in in vitro culture with increasing
concentrations of mefloquine. When we analyzed the pfihdr I gene and its expression in these
parasites, we discovered that the pfindrl gene was amplified 4 fold and there was an increased
expression of the pfindrl mRNA. There was no apparent change either in gene copy number or,
expression of pfindr2 gene.

We wanted to determine if the amplification of the pfindrl gene and the increased
expression of its mRNA were general properties of mefloquine resistant P. falciparum. We
therefore extended these studies to mefloquine resistant parasites isolated from patients who failed
mefloquine treatment in Eastern Thailand in collaboration with Dr. S. Thaithong. Each parasite
strain was tested in vitro for drug sensitivity and then analyzed for pfindrl gene copy number and
expression.

The results of sensitivity testing are shown in Wilson et al. 1993 (See Appendix). All of
the isolates were tested for sensitivity to chloroquine (CLQ), mefloquine (MFQ), quinine (QUIN),
desythylchloroquine (DCQ), halofantrine (HAL), and artemisinin (QHS). Isolates PR145,
TM327, TM336,TM338,TM342,TM343,TM345,TM346,TM347,TM352 all exhibit a decreased
sensitivity to mefloquine when compared to a mefloquine sensitive strain, TM335, isolated from
the same geographic region. Interestingly, those parasites resistant to mefloquine show a
decreased sensitivity to halofantrin, another aminoquinoline, which has not been used in Thailand.
These in vitro results are in agreement with recent reports of clinical resistance of P. falciparum to
halofantrin in Eastern Thailand. Additional work needs to be done in order to determine if this is
indeed multi-drug resistance occurring in response to treatment with mefloquine.

Amplification and expression of the pfmdrl gene in mefloquine resistant
parasites.

The gene copy number was determined by quantitative Southern analysis for each of the
mefloquine resistant isolates from Thailand. The CSP gene was used as an internal control for
each experiment. To confirm that the Thai isolates were distinct, the isolates were analyzed using a
repetitive probe which gave a unique fingerprint for each strain. The gene copy number results
represent compiled data from three separate experiments. In all of the mefloquine resistant Thai
isolates tested, the pfindrl gene is amplified, while in the mefloquine sensitive isolate from the
same geographic area, there is a single gene copy. These results ire consistent with those we
originally described using W2 and its mefloquine resistant daughter, W2mef, namely, in
mefloquine resistant parasites, there is an increased copy number of the pfindrl gene.

We next examined expression of the pfindrl gene in a subset of the mefloquine resistant
parasites by quantitative Northern and RNA dot blot analysis. There is an increased expression of
pftndrl mRNA in mefloquine resistant parasites, either isolated from the field or derived in the
laboratory (see Volkman et aL 1993 and Wilson et al. 1993 in the Appendix)

Pfmdrl sequence

While this work as ongoing, the Kemp group reported an association of certain
polymorphism in the predicted amino acid sequence of the pfindrl gene product with chloroquine
resistance. Thus, we were interested in determining if a set of polymorphism in the pfindrl gene
product could be associated with mefloquine resistance. We sequenced the Pfmdr-I gene in
isolates TM352, TM346 and TM335 to explore the possibility of specific sequences being
associated with the drug resistance pattern of these isolates as had been previously suggested for
chloroquine. We found a somewhat surprising result, namely the only difference from the original
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sequence was at bp 1051 (amino acid 184, TAT to TIlT, Tyr to Phe). This sequence was shared
by all three genes, two from mefloquine resistant parasites TM352 and TM346 and one from a
mefloquine sensitive parasite, TM335. Therefore, we concluded that there was no association of
this change with mefloquine resistance. However, in comparing our sequence of the these genes
to those reported by the Kemp group, we noticed that all of our parasite strains are resistant to
chloroquine and yet none of them had the sequence which Kemp's group had predicted as
associated with chloroquine resistance. We therefore sequenced the regions of predicted
polymorphism in the remaining Thai isolates and found them to be identical to those isolates in
which we had sequenced the full-length gene. Thus, despite the chloroquine resistant phenotype
of these parasites (which we confirmed by our own in vitro testing), they did not contain any of the
polymorphism identified by the Kemp group as being associated with chloroquine resistance. This
result is consistent with the recent work of Wellems which failed to find genetic linkage of pfindrl
with chloroquine resistance.

Characterization of pfmdr2 gene

We have now completed our characterization of the pfmdr 2 gene and this work is
published (See Zalis et aL 1993 in Appendix). Briefly, our major findings are that this gene is
related to the P-glycoprotein family but has a somewhat different structure than the mdr genes.
Based on DNA sequence analysis of genomic clones, we have discovered that the pfindr2 gene has
10 predicted transmembrane domains and a single ATP-binding site at the 3' end of the gene. In a
homology search using GenBank sequences, we discovered that the pfindr2 gene has a significant
homology with the hmit gene in yeast. The yeast hmit gene is involved in cadmium resistance
and is hypothesized to transport cadmium containing complexes from the cell. The predicted
structure of the hmt) gene is identical to that of pfindr2, namely 10 transmembrane domains and a
single ATP binding site. We have further characterized the pfindr2 gene expression by northern
analysis and discovered that it is expressed in a stage specific manner, only at the trophozoite stage
and not in ring stages. We have prepared a rabbit antibody to a recombinant fusion protein
expressing a portion of the pfindr2 coding region. In IFA analysis by confocal microscopy, this
antibody stains trophozoites and not ring stages and the antibody staining appears to have a
vacuolar localization. Western analysis reveals a protein of approximately 110 kd which is
consistent with the size of the predicted open reading frame based on DNA sequence analysis.
Based on this analysis and previous work, there is no evidence for a change in pfmdr2 expression
in drug resistant verses drug sensitive parasites. However, based the similarity with the hmt) gene
of yeast, we plan to investigate the role of this gene in heavy metal resistance in the parasite.

Transfection of the malaria parasite and transient expression of firefly luciferase

Malaria remains a major threat to world health. Efforts to control the disease have focused
on chemotherapy, mosquito control and most recently vaccine development. These efforts have
been hampered by the emergence and spread of drug resistant parasites, the breakdown of malaria
control programs both due to insecticide resistant mosquitoes and upheavals in spraying programs
and the complicated problems of vaccine development and testing. The world is facing an
increasing threat of malaria in the 1990s and with few new tools to combat the parasite and disease.

One of the underlying problems in developing newer methods of control is that the basic
biology of the parasite has not been fully investigated, primarily due to the lack of a method for
functional analysis of genes and their products. The goal of the work presented here is to develop
a method for the functional analysis of genes using the method of DNA transfection. This type of
methodology is a critical next step in the functional analysis of parasite genes and is required for a
detailed analysis of the control of expression of parasite genes. Such methods have been critical in
dissecting the mechanisms of bacterial pathogenesis and in the development of vaccines for several
important bacterial pathogens.



The malaria parasite presents a unique challenge for transfection in that it is intracellular in
most of its life cycle and thus introduced DNA must cross multiple membrane barriers before
reaching the parasite nucleus. Because these multiple barriers would be likely to reduce the
efficiency of introducing DNA into the parasite we chose to use a parasite stage which was
extracellular, this being the female gamete and fertilized zygote. Methods had previously been
developed for the purification of gametes and fertilized zygotes of the avian malaria Plasmodiun
gallinaceum. Further, several genes of P. galinaceum have been identified which are expressed at
high level in the gamete/zygote stages of the parasite and one of these, pgs28 had been cloned with
adequate flanking DNA to assume that necessary 5' and 3' controlling elements for the expression
of this gene. We now report the development of a transient transfection vector by constructing a
chimeric gene in which the firefly luciferase gene was inserted in a frame into the coding region of
the pgs28 gene of Plasmodium gallinaceum. This plasmid DNA was introduced into P.
gallinaceum gametes and fertilized zygotes by electroporation and luciferase expression was
assayed after 24 hours. This is the first demonstration of successful introduction and expression
of a foreign gene in the malaria parasite and demonstrates the feasibility of this approach to
developing methods for the functional analysis of parasite genes (see Goonewardene et al 1993 in
the Appendix).

This represents a significant departure in methodology from the previous work. This is
because of a recent breakthrough we have made in the development of a homologous transfection
system for the malaria parasite. Much of the work now focuses on the characterization and further
development of that system. Once the methodology is in place, we will use the homologous
transfection system to test the role of mdr-like genes in drug resistance. Based on our experience
in transfection of Leishmania species and the important role of functional testing of genes by
methods of overexpression and targeted gene knockout, I feel that the most efficient and
scientifically valid approach is the study these genes in a homologous transfection system. As is
described, we have recently been able to develop a transient transfection system using the sexual
stages of Plasmodium gallinaceum as a model system and we now propose to continue this work
both in the characterization of that system, the development of a stable selectable marker, the
transfection of asexual stage parasites and finally the development or transfer of this system to the
human malaria parasite, Plasmodiuwnfalciparum. Some of these experiments will be attempted in
parallel and clearly with this roadblock eliminated, I anticipate significant activity in many
laboratories such that some of these methodologies may become available relatively rapidly. Once
the system is in place, we will test the role of the pfmdrl and pfmdr2 genes in drug resistance
using the methodologies developed under this grant. Our focus in this work will remain the
genetic and molecular basis of drug resistance in Plasmodiumfalciparum and the experiments
described are directed toward developing methodologies necessary to answer those questions. In
addition, the development of this methodology will have many spinoffs including the development
of genetically altered strains of the malaria parasite which may be useful in vaccine development
and testing.

7. Conclusions and future experiments

Our results implicate a role for the amplification of the pfmdrl gene in mefloquine
resistance in P. falciparum, however, the results remain correlative rather than functional. Our
work will focus primarily on functional analysis of mdr-like genes in parasitic protozoa and we
will attempt to develop methods to functionally test the P. falciparum mdr-like genes, including
expression in heterologous systems and development of an endogenous transfection system. In
my scientific judgement, the further development of a transfection system is essential for future
work in functional analysis of the pfmdr genes and has the added advantage of being useful in
many other applications and should have the highest priority.

The overall goal of this work is to understand the role of mdr-like genes in drug resistance
and to use this information in the development of new drugs for malaria. Mdr-like genes have
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been identified in several organisms and there is an association of overexpression of these genes
with a multidrug resistant phenotype. This type of multi-drug resistance phenotype represents a
threat to any new drug and thus a fundamental understanding of its mechanism and the
development of drugs to reverse this resistance are of the highest priority.

The Plasmodiumfalciparum gene will be tested in heterologous systems and significant
effort will be devoted to developing a homologous transfection system for P. falciparum..
Progress has been made as reported above in the development of a transient transfection system for
Plasmodium gallinaceum and every effort to transfer this technology to the Plasmodiumfakiparum
system is being made. While this represents a high risk aspect of the project, the value of such a
system for the analysis of drug resistance mechanisms and for the analysis of several other
important features of parasite biology, it is a worthwhile undertaking. We have significant
expertise in developing transfection systems and have experience in the biology of the parasite.
There are other laboratories both in the U.S. and elsewhere who are attempting to develop
transfection systems for P. falciparum, each with a somewhat different approach. Such multiple
efforts greatly enhanced the progress in the field of kinetoplastidae transfection and should one of
the other groups be successful, we will use that methodology to investigate the role of mdr-like
genes in drug resistance in P. falciparum. Our interest is in understanding these genes and their
function and the development of a transfection system will be an important component in that
analysis.
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Drug resistance in Plasmodiumfalciparum is an expanding problem in most endemic areas. Recent studies have suggested
the potential involvement of genes in the MDR gene family in resistance to quinoline-containing compounds in P.falciparum
In this study a molecular analysis of pfimr.l in recent isolates from Thailand was done (I) to further examine the role,
pfindrl in drug-resistant isolates and (2) to examine the reported association of pfmdrl intragenic alleles and chloroquir
resistance. Most of the isolates (10 of 1I) were resistant to all compounds tested. Analysis of pfindrl revealed an apparen-
association between increased gene copy number and increased level of expression of pfmdrl and decreased susceptibility to
mefloquine and halofantrine. Sequence analysis of pfmdrl in these isolates revealed no association of intragenic alleles with
chloroquine resistance.
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initedctio management of these infections is increasingly
dependent on quinoline-containing corn-

Malaria remains one of the major world pounds.
public health problems. Drug-resistant strains Previous studies demonstrating the efflux of
of Plasmodium falciparwn are increasingly chloroquine (CLQ) from resistant parasites [2]
prevalent in most endemic areas complicating and modulation of this effiux and resistance by
treatment, control and prophylaxis and ren- verapamil [3] suggest a role for a gene of the
dering even newer therapeutic modalities multiple-drug resistance (MDR) family in
rapidly useless [1]. Due to the rapid and chloroquine resistance in P. falciparum. Two
predictable emergence of resistance to the homologues of the MDR gene family which
antifolate antimalarials in P. falciparwn, are part of the ATP-binding cassette (ABC)

gene superfamily [4] have been identified in P.
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Huntington Avenue, Boston, MA 02115, USA. Tel: (617) 432- tion for the involvement of such genes in CLQ
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some but certainly not all CLQ resistant strains
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resistance [8]. However, analysis of the pro- Matedal and Metbods
geny of a cross between a CLQ resistant and a
CLQ sensitive clone showed that the parental
pfmdr) genotype could be dissociated from the Parasites All parasites were maintained in
resistance and reversal phenotypes [9], arguing vitro according to a modification of the
that pfmndrl is not involved in CLQ resistance. method of Trager and Jensen [12]. The isolates
This conclusion is further supported by the were maintained in a 5% suspension of type
genetic mapping of a chloroquine-resistant A+ erythrocytes in RPMI 1640 supplemented
locus to chromosome 7 using the same cross with 32 mM NaHCO3, 12 mM TES, 37 mM
[10]. There is no apparent role for pfmdr2 in hypoxanthine, 2 mM glutamine, 10 mM
CLQ resistance [5,9]. glucose, and 10% human plasma in an atmo-

Mefloquine (MFQ) resistance has other sphere of 1% 02/ 5% CO2, balance nitrogen.
characteristics of the MDR phenotype. The The 11 clinical isolates used in this study
acquisition of MFQ resistance is often con- were isolated from patients reporting to the
current with decreased susceptibility to halo- Tropical Medicine Hospital (TM prefix) or
fantrine (HAL) and structurally dissimilar Pong Nam Ron, Chantabori Province (PR
compounds [11, 25]. MFQ, HAL and artemi- prefix) in 1990. The isolates were stabilized in
sinin (QHS) IC5o, can all be modulated in vitro vitro and transported in culture for further
by penfluridol but not generally by compounds testing. The GH2 isolate and its clone GA3
which modulate resistance to the chloroquine- were isolated in 1989 from a patient in the
related compounds (DEK unpublished data). Chantaburi Province area.

The purpose of these studies was to further The W2 and W2mef clones from Indochina
examine the potential role of pfmdr) in [13] were used as controls in the nucleic acid
resistance to quinoline-containing compounds quantitation studies. In addition the HB3 [14]
in P. faliparwn. Isolates from patients failing clone of Honduras I/CDC was used in the
conventional therapies in Thailand were first sequencing analysis. The W2 clone from
characterized for drug sensitivity. The gene Indochina and the D6 [15] clone from Sierra
copy number, sequence and mRNA expression Leone I/WRAIR were used as controls for the
of pfmdrl was examined in all of the isolates. drug sensitivity assays.
There is an apparent association between
concurrent acquisition of decreased sensitivity Sensitivity testing Sensitivity testing was done
to MFQ and HAL and an increase in gene using the incorporation of [G-3H]hypoxan-
copy number and gene expression of pfmdr). thine according to a modification of the

A separate purpose of these studies was to method of Desjardins et al. (16]. The assays
examine the sequence of pfmdrl in these were done in 96-well plates with a 1%
isolates for evidence of an association of erythrocyte suspension at 0.2-0.5% parasite-
intragenic 'alleles' and drug resistance as had mia in RPMI 1640 supplemented with 25 mM
previously been suggested for CLQ resistance Hepes/ 32 mM NaHCO3/ 10% human plasma
[8]. The full-length sequence of pfmdrl was in a final total volume of 225 pl prior to adding
determined in selected isolates and the intra- [G-3H]hypoxanthine. Serial dilutions of the
genic alleles and 3' polymorphism previously drug being tested were done in duplicate for
associated with CLQ resistance [8] were each assay. The incorporation data were
determined in all of the islolates. In contrast analyzed by nonlinear regression to generate
to the previous report, the sequence analysis of an IC5o [16].
pfmdrl in these isolates revealed no association
of intragenic alleles and CLQ resistance. In Sequencing The sequence of pfmdrl for all of
addition the patterns of 3' polymorphism were the isolates was determined using a modifica-
quite diverse as compared to that previously tion of a method described for direct sequen-
described [8]. cing of PCR products after generating single-
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stranded DNA by A Exonuclease (Bethesda signals was done on a Betascan analyzer
Research Laboratories, Gaithersburg, MD) (Betagen, Waltham, MA). Windows for
digestion [17]. Serial overlapping oligonucleo- pfmdrl and CSP were counted, background
tide primer pairs were synthesized based on signal was subtracted and ratios of the signal
our previous sequence analysis of pfmtrl from of pfmdrl to CSP were calculated for each
HB3, W2 and W2mef and the published full- parasite isolate tested. The ratios were normal-
length sequence [6]. One of the primer pairs ized to the ratio obtained for W2 which was
from each set was kinased using T4-polynu- known to have a single copy of pfmdrl [5].
cleotide kinase and used in a standard PCR
reaction (30 pmol of each primer/ 200 uM Isolate characterization Confirming the un-
dNTPs/ 1-200 ng of genomic DNA as ique character of the isolates was done using
template/ 70 mM Tris pH 8.8/ 20 mM the 3' polymorphism of the pfmdrl gene and by
NH4S0 4/ 2 mM MgCI2/ I mM DTT/ 10 pg a fingerprinting technique. The PCR based
ml-1 BSA, 0.1% Triton X-100 in a 100 u1 procedure established by Foote et al. [8] was
reaction for 25 cycles of 94°C x 1 min, 50'C x 2 used to look at the 3' polymorphism of pfmdrl.
min, and 720C x 3 min). The PCR product was The same oligonucleotide primer pairs and
directly extracted with glass beads, resuspen- PCR conditions were used. The PCR product
ded in water (44 p1), adjusted with 5 u1 10 x A was resolved on a 1.8% agarose gel visualized
Exonuclease buffer (670 mM glycine-NaOH, with ethidium bromide and photographed. The
pH 9.4/25 mM MgCI2/ 500 jg m1-1 BSA) and predicted PCR product size based on the
digested with A Exonuclease (I u1, about 4 U) published sequence [5] would be 860 bp. The
at 37°C for 10 min. This product was phenol/ multiple bands seen are present in all isolates
chloroform extracted, ethanol precipitated and with variable patterns (ref. 8 and unpublished
resuspended for use in a dideoxynucleotide data CMW).
chain termination sequencing reaction using Fingerprinting of the isolates was performed
SequenaseR enzyme. Multiple sequencing pri- using a cloned chromosomally-dispersed repe-
mers were used to sequence PCR products of titive element, pC4.H32, as previously descri-
up to 1400 bp. bed by Dolan et al. [20]. Genomic DNA was

digested with Hinfl (New England Biolabs,
Southern analysis Genomic DNA was extrac- Beverly, MA), resolved on a 1.2% agarose gel,
ted from saponin lysed parasites after Sarkosyl transferred to a nylon membrane and hybri-
(1%), RNAse A (100 pg ml-1, I h at 37°C) dized as above with radiolabeled pC4.H32.
and proteinase K (200 pg mni-', > 2 h at 500C)
treatment in the presence of NET buffer (150 mRNA quantitative analysis RNA was ex-
mM NaCI/ 10 mM EDTA/ 50 mM Tris pH tracted from synchronized parasites as descri-
7.5). Approximately 1 pg of genomic DNA was bed elsewhere [5]. Multiple samples of RNA
digested with EcoRl, resolved on a 1% agarose were quantitated by dot blot analysis by
gel, and transferred to a nylon membrane. counting the regions of nitrocellulose directly
Hybridization was done simultaneously with a in a fl-scintillation counter. Total nucleic acid
PCR generated fragment of pfmndrl (5' probe: was denatured, loaded and hybridized with
nucleotides 510-1487; 3' probe:nucleotides either a radiolabelled pfmndrl or an rDNA
3619-4742) and twe qSP gene [18] which had probe. Ratios of the counts of pfmdrl to
been radiolabeled Using a random oligonutcleo- rDNA were calculated to adjust for loading.
tide priming techt~lue [19]. Hybridization wa These ratios were normalized to W2, the MFQ
done in 1% SDS, 500 mM NaCI, 10% PEG, sensitive strain.
50% Formamide at 42°C overnight, then
washed at a final stringency of 2 x SSC/ I%
SDS at 55°C for I h.

Quantitative analysis of the hybridization
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halofantrine (HAL), and artemisinin (QHS).
The numbers shown represent the average

Smiukavity hestbeg The isolates were first results of two separate experiments. All of
characterized for their drug resistance pat- the isolates were resistant to CLQ, DCQ and
tents and the results are shown in Table 1. All QUIN with reduced susceptibility to QHS. Ten
of the isolates were tested for sensitivity to of I I isolates were resistant to MFQ and had
chloroquine (CLQ), mefloquine (MFQ), qui- reduced susceptibility to HAL; only TM335
nine (QUIN), desythyichioroquine (DCQ), was sensitive to MFQ and HAL. Using a
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M1M6ST1?WT~a0?T1CS1TTAT1CMCMA6TtATTY9MTT1A~tCTT1TACATMTMTMMM"YGACATACACAaTLACCC7GA

361 .. . . . . . . 410

A~MS*U~c*CTIAMCC1A1AT1TTMTSMAMTWT1TT1TTA6CATTTM6TAVMATT
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separate 72-h morphological assay all the remaining isolates along with the other pre-
isolates were found to be also resistant to viously identified 'alleles' [8J and the results are
amodiaquine and pyrimethamine (data not given in Table II. The change seen at amino
shown, S. Thaithong). acid position 184 was the only difference noted

in all 1 isolates.
pfmdrl sequence The pfmdl gene was se- There was variation in the number of
quenced full length in isolates TM352, TM346, predicted asparagines noted in the polyaspar-
TM335 and GA3 to explore the possibility of aginated region of the linker domain (bp 2426
intragenic alleles being associated with the through 2483, Fig 1). As can be seen in Fig. 1,
drug resistance pattern of these isolates as had this region contains a predicted run of 7 Asn
been previously suggested for chloroquine [8]. followed by two aspartic acids and then
The full sequence of the predicted open reading another series of Asn residues varying in
frame for GA3 is given in Fig. I and it matches number in different isolates from 5 to 12 (ref.
completely with the previously published 7 and unpublished data, CMW). The sequence
sequence. The regions which were sequenced analysis over this region for the isolates which
for all of the isolates are underlined. The highly
conserved nature of the primary sequence of
this gene was once again obvious. As can be TABLE 1!
seen in Table II, the only nucleotide difference pfsdrl sequence comparison

from the published sequence [61 was at bp 1051 Amino 86 184 1034 1042 1246 Poly-
(amino acid 184) and was a difference that had Acid No.' NsO
been previously noted (TAT to TTT, Tyr to Nucleotide 754 1049 3598 3622 4234

Phe) [8]. This region was sequenced in the

Isolate
TABLE I Sensitivec AAT TAT AGT AAT GAT

R:SE AsiaW TAT TAT AGT AAT GAT
Drug sensitivity testing R:S Amerc AAT (MIT) TGT GAT TAT

Strain ICs0 (ng/ml) PRI45 AAT TTT AGT AAT GAT 6

CLQ MFQ QUIN DCQ HAL QHS TM327 AAT TTI AGT AAT GAT 10
TM335 AAT TTI AGT AAT GAT 10

D6 4 15 23 6 1.1 2.3 TM336 AAT TTT AGT AAT GAT 10/9
W2 65 2 74 250 0.3 2.2 TM338 AAT TTT AGT AAT GAT 10

TM342 AAT TTT AGT AAT GAT 10
TM335 68 6 65 267 0.61 3.0 TM343 AAT TTr AGT AAT GAT 10/6

TM345 AAT TTT AGT AAT GAT 10
PR145 35 10 90 168 2.1 2.0 TM346 AAT iT" AGT AAT GAT 6/7
TM327 42 16 59 158 2.7 2.7 TM347 AAT TT" AGT AAT GAT 10
TM336 38 15 87 182 2.8 1.6 TM352 AAT TTT AGT AAT GAT 10
TM338 29 9 53 170 1.9 1.9
TM342 46 8 80 200 2.1 2.4 GA3/GH2 AAT TAT AGT AAT GAT 9
TM343 39 14 99 290 3.3 3.5
TM345 65 9 128 62 2.3 3.2 The complete sequence of pfmdrl from four isolates
TM346 31 20 114 135 3.7 2.9 (TM352, TM346, TM335 and GA3) was determined. The
TM347 23 17 62 84 3.6 3.1 difference at amino acid #184 and the variability in the
TM352 27 22 102 117 3.0 3.4 polyasparaginated linker region were the only differences

seen from the previously published sequence [6]. The double
GA3 41 . 11 49 161 2.0 .1.9 numbers given in the Poly N column indicate variable

numbers of repeats as seen on the sequencing autoradio-
Sensitive <10 <8 <25 <.0 graph and are consistent with the non-clonality of the

isolates. The sequence of the intragenic 'alleles' is given for
Results are given as IC50s from a standard 48 h each isolate. 'Amino acid numbers and nucleotide numbers
hypoxanthine uptake assay. The sensitive levels are those of pfmdrl are as determined in reference 6. bPoly Ns are the
established by WRAIR and reference I and 25. HAL and number of predicted asparagines in the second polyaspar-
QHS 'sensitive" levels are not clearly established with aginated region of the linker domain as described in the text.
correlative in vitro and clinical data. CLQ, chloroquine; eSensitive is the wild-type genotype; R:SE Asia and R:S
MFQ, mefloquine; QUIN, quinine;, DCQ, desethylchloro- Amer are resistant Southeast Asian and South American
quine; HAL, halofantrine; QHS, artemisinin. genotypes as described in ref. 8.
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TAKdE III number of pfnsdrl in these isolates a quantita-
~I•gni e copy aumber and mRNA expressio analysis tive Southern analysis was performed with the

CSP gene as control. This analysis revealed
increased gene copy number of pfmrl in 10 of

Copy No. mRNA Level the I I isolates and in GA3 (Table III). The

W2 I I gene copy number results represent compiled
W2m. 3 2.4 data from three separate experimenu. The
TM335 IInumbers given with the symbol '>' represent

intermediate results (i.e. > 2 means 2-3) which
PRI45 4 3 could not be easily rounded to a whole
TM327 2 1.8 number. These intermediate results again are
TM336 2 3.3
TM338 >2 2.2 probably indicative of the nonclonabty of the
TM342 >2 ND isolates. A representative autoradiogram from
TM343 >2 ND thes studies is shown in Fig. 2. The occasionalTM345 > 2 ND

TU346 >2 2 polymorphism seen in the 10-11-kb band
TM347 >2 ND representing the 3' region of pfnidrl in PR 145
TM352 >3 2.6 and GA3 have been noted in other strains as
GH2/GA3 2 ND well (CMW, unpublished data).

Gene copy number and relative lvel of mRNA expreion
we determined as descnbed in the text. The '>' symbol mRNA quantitative analysis Dot blot analysisindicates an indeterminate 8eri copy number greater flan
the number given and probably indicates the islates are was performed in order to quantitate the level
non-clonal. ND indicates the analysis was not done on of expression of pfnudrl in these isolates. The
tee isolates, results are shown in Table III. There was an

increased level of pfmdrl mRNA expression
were full-length sequenced is shown in Fig. i. for 6 of the 7 isolates tested when compared to
The sequence analysis data given as 'Poly Ns' the MFQ sensitive strain W2. The only isolate
in Table 11 are the numbers of predicted Asn tested which did not show increased expression
residues in the variable region. The isolates was TM335, the isolate which was sensitive to
with double numbers indicate a mixed number MFQ and had a single gene copy of pfmdrl.
of Asn residues as seen on the sequencing The level of increased expression was some-
autoradiogram and are indicative of the non- what correlated with gene copy number,
clonality of the isolates. however there was no apparent correlation

with the IC50 to MFQ in individual isolates.
Southern analysis To determine the gene copy

234- MENM& ,

Fig. 2. Quantitative Southern Analysis. Shown is a representative autoradiolraph of a Southern analysis of genomic DNA,
cut with EcoRI, and simultaneously probed with a Y probe for pfindl (10-1I-kb bands) and a probe for the CSP gene (l-kb

band) as deincibed in the text. Isolate TM347 is not shown in this Fig.
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These results are shown in Figs. 3 and 4
respectively. The isolates showed considerable

0• polymorphism by both techniques. There were
no two isolates which had similar patterns by

kb both analyses. The degree of polymorphism
seen in the analysis of the 3' end of pfmdrl by
PCR is much greater than previously reported

1.0 . [8].
0.87-

0.60. Discussion

These isolates from Thailand show a
ts•: disturbing trend in their pattern of resistance
0.23 to antimalarials. That is, in addition to being0.19

resistant to CLQ, MFQ, amodiaquine, pyr-
amethamine and QUIN, they show reduced
susceptibility to HAL and QHS with no
apparent exposure to these compounds. The

Fig. 3. Analysis of the 3' Polymorphism ofp mdrl. Pictured appearance of concurrent MFQ and HAL
is the ethidium bromide stained gel of the 3' polymorphic
region of pfmdrl which was amplified by PCR as described resistance has been previously reported both

in the text. in vivo [11] and in vitro [11,13,25]. More
recently a pattern of concurrent MFQ, HAL

Isolate characterization To confirm that the and QHS reduced susceptibility has been noted
Thai isolates were distinct isolates, the 3' [261. This pattern is suggestive of an MDR
polymorphism of pfmdr) was amplified by phenotype and these concurrently acquired
PCR and a fingerprint analysis was performed. resistances may be clinically relevant 1211.

However, the in vitro and clinical correlative
0 O # data for HAL and QHS have not been

TV- Cd developed enough to give actual predictive
m -i- 3: • -•3 -• resistance levels.

kb Interestingly, resistance to MFQ, HAL, and
23 - . QHS can all be modulated by penfluridol but
9.4. not generally by verapamil or tricyclic com-
4.4- pounds (DEK unpublished data). Penfluridol

is a neuroleptic drug of the diphenylbutylpi-
peridine class which has calcium channel

2.0- blocking activity [22]. There are no reported
compounds which modulate both CLQ and

1.4- MFQ resistance. Efflux studies in P.
., falciparum with MFQ, HAL and QHS have

1.1 - •4 been hampered by the lipophilic nature of

0.9- these compounds.
These studies support a potential role for

pfmdrl in resistance to certain quinoline-
Fig. 4. Fingerprint analysis of isolates. The figure containing compounds in P. falciparum. Our
represents an autoradiograph of a Southern analysis of initial studies showed an increased gene copy
genomic DNA. cut with Hinfi and probed with a number and increased mRNA expression of
chromosomally-dispersed repetitive sequence as described

in the text. Isolate TM352 is not shown in this figure. pfmdrl associated with the in vitro acquisition

* * O ' . 7O. •* 0
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of MFQ and HAL resistance [5]. The majority original sample by Foote et al. [81 were more
of these isolates from Thailand have an closely related than appreciated.
increased gene copy number (II of 12) and Although this data does not support a
increased mRNA expression (6 of 7) for linkage between pfmdrl and CLQ resistance
pfmdrl. The only isolate in this sample with a there remains strong phenotypic evidence
single copy of pfdrl, TM335, was sensitive to implicating a P-glycoprotein homologue in
MFQ and HAL. Thus all of the isolates in this CLQ resistance [2,3,23]. This implies that
sample which had reduced susceptibility to either additional or distinct genes of the ABC
MFQ and HAL had multiple copies of pfmdrl superfamily of genes could be involved in CLQ
although the level of MFQ resistance did not resistance.
directly correlate with the gene copy number. The physiological role of pfmdrl has not
These data then suggest an association of been determined. Members of the MDR gene
increased gene copy number and expression of family mediating drug resistance in mamma-
pfmdrJ and the concurrent acquisition of MFQ ban cells are generally overexpressed, confer-
and HAL decreased sensitivity. Extended ring the multi-drug-resistant phenotype [24].
studies on isolates from different geographic However it is becoming clear that variable
regions with varying resistance patterns should expression and processing of certain classes
help clarify this association. and subclasses of members of the mammalian

The sequence data from these isolates MDR gene family can lead to variable
contradicts the previously reported associa- phenotypic expression. Members of the MDR
tion of intragenic alleles of pfmdrl and gene family are part of the ABC superfamily of
chloroquine resistance [8]. The sequence transport proteins [4]. Members of this super-
analysis of pfmdr) in the 11 recent isolates family have been identified in widely diverse
demonstrated only a single nucleotide change organisms and are implicated in the transmem-
(A to T) found at nucleotide 1051 giving a brane transport of a broad variety of corn-
predicted change of Tyr to Phe at position 184 pounds.
compared to the wild-type sensitive strain [7]. In summary, we have examined a number of
This change at amino acid position 184 is in a unique recent isolates of P. falciparum from
position previously noted to be variable (8 and Thailand and found them to be resistant to
unpublished data CMW). Sequence analysis of multiple quinoline-containing compounds, ar-
the earlier isolates from the same region (GH2 temisinin and pyramethamine. Decreased
and its clone GA3) revealed identical sequence susceptibility to artemisinin and halofantrine
to the sensitive strain. Hence all of the isolates have potentially developed without drug
in this study would have been predicted to be pressure. Sequence analysis of pfmdrl in these
chloroquine sensitive by the criteria suggested isolates revealed no association between poly-
for intragenic sequence analysis of pfmdrl [8] morphisms and chloroquine resistance as had
yet all were chloroquine resistant. Consequent- been previously reported. We describe an
ly these data contradict the only genotypic apparent association of increased gene copy
data supporting a linkage between pfmdrl and number and overexpression of pfmdrl with the
chloroquine resistance. concurrent acquisition of MFQ and HAL

The reasons for this discrepancy are not reduced susceptibility. Further studies should
clear. However isolates from SE Asia from clarify this association.
1989 analyzed by Foote et al. (ref. 8; Table I)
would similarly have been predicted incorrectly
had they been included in the blinded analysis. Acliiwledgemut
The patterns of the 3' polymorphism of pfmdrl
from the isolates in this study are much more We are grateful to Lucia Gereaa of WRAIR
variable than previously indicated and could for technical assistance, Dr Tom McCutchan
actually be used to distinguish the isolates. of NIH for the CSP clone, and Dr Tom
This may indicate the isolates tested in the Wellems of NIH for the pC4.H32 clone. This
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Stage-specific transcripts of the Plasmodium falciparum pfmdrl gene
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Geme have been dentifWe in Plawaodbumfoicaoonru which belong to the ATP-bnding cassette superfamily of transport
systsma based upon sequence and structural homology. One of these geoes, the pfindrl gene, is homologous to the mammalian
aiiii! gene, which encodes the P-glycopirotein product. Strong phenotypic data suggests the involvement of a P-glycoprotan-
lik molecule in the mediation of drug resistance in P. falcopar. The goal of this work was to characterize the expression of
the pfmink messenger RNA: both the stage specific expression and the level of expression in inefloquine sensitive or resistant
parasites. We identified two messenger RNAs homologous to this gene, one of 8.5 kb expressed in ring and trophozoite stages,
and a second miessenger RNA of 7.5 kb expressed only in trophozoites. Previously we had reported an increased expression of
messengler RNA for paiw*1 insa mefloquive-resistant clone. Here we extend this and demonstrate that overexpression of the
poniilr gene is consistent with the mefloquine resistance phenotype in a panel of recent isolates from Thailand.

Key words: Malaria; PhLorodfuan fakcwawnm; Drug resistance; Multiple-drug reistant; Mefloquiric

I11rftdwedom and in the mediation of drug resistance in
mammalian cells (for review see ref. 6).

Members of an extended ATP-binding The genes involved in mediating drug
cassette superfamily of transport systems resistance in mammalian cells are part of the
(reviewed in references 1-4) have been identi- multiple drug resistance or MDR gene family.
fled in such evolutionarily diverse organisms as The MDR phenotype is typically characterized
bacteria [1], yeast [51, and man [6,71. The by amplification of a large segment of DNA or
functions of these gene products involve overexpression of messenger RNA (niRNA)
metabolite transport in bacteria [1], pigment encoding the P-glycoprotein product [6]. In
transport in Drosophila [B], and pheromone addition, members of this gene family have
transport in yeast [5]. In addition, members of been shown to be overexpressed in drug-
this supergene family have been implicated in resistant cell lines and can confer multiple
anion transport in cystic fibrosis [71, in drug resistance when transfected and over-
modulation of antigen presentation by the expressed in otherwise drug-sensitive celis [101.
class I major histocompatibility complex [M, Gene (pfmdr) and pfmdr2) have been

identified in the human malaria Plasmodiumn
Cowarudeic aMea: ysa F Vjrt, ept o Trpial fakcipanim which are members of this super-

Public Health. Harvard School of Public Health, 665 family based upon sequence and structural
Huntington Avenue, Boston, MA 02115, USA. homology [11,12]. Strong phenotypic data

*Awu ed-mDms ofCkorapic ediineUniersty suggests the involvement of a P-glycoprotein-
ofAlbmam at BrmngDamoa of migsoami Alic, USA. rit like molecule in the mediation of drug

of Aabaa a Usmm5mm, umnngbm, L, SA.resistance in P. falciparumn, since drug resis-

Abberedlasrms HAL, halolhatrins; MFQ, nmsfloqluine CLQ, tance has been shown to involve an efflux
c&1s*" UMD multile-drug resistant. mechanism [13] and calcium channel blockers
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such as verapamil or penfluridol can reverse cross resistance, the reversal modulator in-
this efflux mechanism [13-16]. The question of volved, and the rate at which resistance occurs.
what role these genes may play in drug MFQ resistance is often associated with
resistance in malaria is currently under halofantrine (HAL) resistance. MFQ-resistant
investigation. (MFQR) isolates from geographic regions

Drug resistance in P. falciparum may be where HAL and artemisinin are unavailable
characterized by three distinct patterns, based show this cross-resistance pattern [231. Pen-
upon either class of drug (sulfadioxide or fluridol has been shown to reverse MFQ
aminoquinoline) or cross-resistance pattern resistance and recent evidence has demonstra-
(chloroquine (CLQ) versus mefloquine ted that it also reverses HAL resistance,
(MFQ)). These classes of drug resistance can indicating a common resistance mechanism
be identified by the antimalarials (1) pyrime- (D. Kyle, personal communication). Further-
thamine, (2) CLQ, and (3) MFQ. The mechan- more, our recent work has demonstrated an
ism of pyrimethamine resistance is known to association of increased gene copy number
involve a point mutation in the dihydrofolate with MFQ resistance both in laboratory
reductase-thymidylate synthetase gene of the isolates and in recent field isolates [30].
malaria parasite [17,18]. CLQ resistance is One of the goals of this work is to determine
characterized by an efflux mechanism such if pfmdrl mRNA expression correlates with
that a drug resistant organism can expel CLQ MFQ resistance. Overexpression of pfmdrl
more rapidly than a drug sensitive one [13]. mRNA has been associated drug resistance
The mechanism of CLQ as an antimalarial [11,12], but this analysis has been limited to a
involves the ability of CLQ to interfere with a comparison between two pairs of drug sensi-
heme detoxification enzyme that is required for tive and resistant parasites. This work extends
parasite survival in the erythrocyte [19]. this study and analyzes the levels of pfmdr)
Research investigating the possible role of mRNA in both a pair of laboratory clones
pfmdrl in CLQ resistance over the last few differing by MFQ resistance and a panel of
years has produced some apparently conflict- field isolates from mefloquine treatment fail-
ing results. Increased gene copy number does ures in Thailand in terms of their MFQR
not correlate with CLQ resistance [1 1]; and, phenotype. Previously, we reported a single
although polymorphisms have been detected in transcript for this gene of between 7 and 8 kb
the pfmdrl gene [201 which were thought to that appeared to be overexpressed in W2mef as
associate with CLQ resistance, work in our compared to W2 [121. In the work reported
laboratory [30] has shown that these poly- here a second transcript for the pfmdrl gene
morphisms are not found in CLQ-resistant has been identified. These two transcripts are
(CLQR) parasites recently isolated from Thai- stage specifically expressed, and are larger than
land. Most importantly, a genetic cross predicted for the gene sequence [11] or the
between a CLQ-sensitive (CLQS) and a protein product [241. The findings in this paper
CLQR strain has demonstrated that the are then discussed in the context of how RNA
pfmdrl gene can be dissociated from the expression may be related to MFQ resistance
resistance and reversal phenotype in the in P. falciparum.
progeny [21,22]. This result suggests that
another transporter, perhaps another member
of the MDR family, is involved in this Materiankand Methods
resistance. Additional molecular characteriza-
tion is required to resolve this point. Parasite cultures. Parasites were cultivated in

MFQ resistance is distinct from CLQ vitro by a modification of the method of
resistance, having characteristics that may be Trager and Jensen (25]. Isolates were main-
more similar to the mammalian MDR pheno- tained in a 5% suspension of type A +
type. These features include: the pattern of erythrocytes in RPMI 1640 supplemented
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with 32 mM NaHCO3/12 mM Tes/37 mM EDTA/500 mM NaCI) followed by low-salt
hypoxanthine/2 mM glutamine/10 mM glu- buffer (10 mM Tris-HCl, pH 7.4/1 mM
coee/10% human plasma in an atmosphere of EDTA/100 mM NaCI) at 350 x g. Eluate
1% O2/5% CObAance nitrogen. Synchron- was collected from four applications of elution

a ization of parasite cultures was performed with buffer (10 mM Tris-HCI, pH 7.4/1 mM
either 5% sorbitol [261 or incubation with EDTA) and concentrated by precipitation in
aphidicolin (1.5 pg ml- final), which inhibits ethanol with the addition of NaC! to 0.3 M
DNA polymerase, for 20 h [27]. This drug was and glycogen to 0. l.mg/ml.
subsequently removed allowing continued
maturation of the trophozoites to schizonts Enzymatic treatment of RNA. RNA samples
followed by reinvasion of the merozoites into were subjected to enzymatic treatment with
erythrocytes in a synchronized manner. RNase-free DNase (RQI; Pharmacia) or

DNase-free RNase for 10 min at 37°C before
Hypoxanthine-uptake assay. Parasite cultures the addition of 5 mM EDTA, pH 8.0.
were placed in 96-well assay dishes at 1%
parasitemia and 2% suspension of erythrocytes Northern analysis. Equal amounts of total
in supplemented RPMI containing dilutions of nucleic acid (10 jg) or poly(A)+ RNA (I jug)
drug concentrations in triplicate sets. Parasites were resolved on a 1.3% agarose gel in 0.66 M
were incubated for 18-24 h as described above formaldehyde. The RNA was transferred to
before 1 ACi [3 H]hypoxanthine (Amersham) nitrocellulose membranes and hybridization
was added to each well. After an additional 18- was performed either with the pfmdrl probe
h incubation, assay plates were harvested in a (corresponding to bases 4400-4742; ref. 11), or
Scantron harvester onto glass fiber filters for a ribosomal RNA probe. Probes were radio-
determination of the number of counts min . labeled using the random oligonucleotide

priming technique as described [28]. Hybrid-
RNA extraction. Cultivated parasites were ization was performed in I% SDS/I M NaCl/
washed in RPMI and resuspended in lysis 10% dextran sulfate/50% formamide at 42°C
buffer (50 mM Hepes/2 mM EDTA/100 mM overnight. Autoradiograms were made of the
NaCI). Sarkosyl (10%) was added to a final RNA blots.
concentration of 1% followed by vigorous
mixing. The aqueous phase was repeatedly Quantitation. RNA was quantitated by both
extracted with an equal volume of phenol/ densitometry of Northern blots and by directly
chloroform/isoamyl alcohol (25:24:1) until no counting regions of hybridized dot blots. Laser
interface material remained. The nucleic acid densitometry of Northern blots was performed
was precipitated with ethanol after the addi- using the Bio Image system (Millipore).
tion of sodium acetate (pH 5.2) to 0.3 M. RNA Quantitation by dot blot analysis was done
from stage-specific parasites was isolated after by counting the regions of nitrocellulose
synchronization, directly in a #l-scintillation counter. Total

nucleic acid (20 jig) was resuspended in
Poly(A) + isolation. Total RNA isolated as denaturing buffer (50% formamide/6.6%
described above was subjected to oligo(dT) formaldehyde/I x SSC (SSC = 150 mM
chromatography as described by the manufac- NaCi/15 mM Na 3 citrate. 2H 20, pH 7)) and
turer (Pharmacia). In brief, 500 #g of total heated to 65°C for 15 min. Two vols. of 20 x
mixed stage RNA was heat denatured, resus- SSC were added and equal amounts of sample
pended in sample buffer (10 mM Tris-HCI, pH were loaded onto replicate nitrocellulose filters
7.4/1 mM EDTA/500 mM NaCI), applied to that had been repeatedly washed with 10 x
an equilibrated oligo-(dT)-ceilulose spun col- SSC. The samples were allowed to remain 30
umn. The cohlmn was then washed with high- min before vacuum was applied. Replicate
salt buffer (10 mM Tris-HCI, pH 7.4/1 mM filters were then hybridized as described above

Oj ' l- , " ,



TAUS I
Quitiis. of M mand W~msdjlnd RNlAearm

SanCLQ (ag/nMD) MFQ (nluml) Total Ring Troph

1133 S(64-) S(4) I ± 0.5 1 ± 0.5 1 ± 0.6
W2 It70-") S(2) 1.2 ±0.3 0.7 ±0.1 1.6 ±0.5
Wr~vsf R(X0-40 R (15.-20) 2.9 ± 0.5 2 ± 0.4 3.4 ± 1.7

Multiple samples, of(H33, W2 and W2msf total and stage specii RNA wer anaelyzed by slot hybridization with oither the

the 1133 values (± sananrd deviation). Median inhibitory concentrations for CLQ and MFQ are included.

with either the pjimkl or ribosomal RNA Retsd
probe. Counts corresponding to the pfiut*)
signal wern adjusted for loading using the ratio Previously we had identified a single tran-
of these values with the values for the script of between 7 and 8 kb for the pfmdrl
ribosomal RNA probe counts and normal- gene (121, while Foote et al. [11] identified 4
ining these ratios to those of the sensitive transcripts of 6.5 kb,5.4 kb, 4.2 kb and 1.9 kb.
indicator strain. Standard deviations were Both groups reported overexpression of
determined for the values shown in Table 1, pfmdr) RNA in a single pair of drug-sensitive

sne3-24 samples were analyzed by both or resistant strains. To resolve the discrepancy
Northern and dot blot methods. Values shown regarding the number and size of pfmdrl
in Table H are derived from an average of 2 transcripts, to further characterize the expres-
separate Northern blots and 2 dot blots; sion of the mRNA for the pfmdrl gene, and to
therefore, statistics were not determined on
these averages. A representative Northern (see
Fig. 6) is shown, and is consistent with these
averages.

k1.

TABLE H14.
Quantitation of MFQS or MFQR isolates from Thailand

14
Sthaw MFQ Gene copy Total RNA

(ag/mi) number IA

W2 S(2) I I
W~mef R (15-20) 3 2.4

TM335 S(6) I I ___

PRI45 R1(10) 4 3.4 R T AT 3TRT
TM327 R (16) 2 2.1- - - -

TM336 R1(15) 2 2.7 MIRw Ws Wiln
TM338 R (9) >2 2.9 -
TM346 R1(20) >2 2
TMd352 R1(22) >3 1.7 Fig. 1. Hybridization analysis of stage-specific W2 or

W2mef RNA. RNA from sorbitol-synchronized cultures
Tota RNA frome sme aintr isola from Thailand along was resoved on a formaldehyde agarone gel. The nuci
with the W2 -tiuj was analyvad by slot hybrdization, add was then transferred to nitoceflulose and hybridized
Median ihiiftory concentrations for MFQ and ~f1k with frust the pfin&d' prlbe and then with the ribosomal
gnw copy number 112.301 are shown. Values are epsed probe. RNA samtples from both ring (R) and trophozoite
as the ratio of pfard'J to uibosonal signal, nomldto (7) stage cultures of W2 and W2mef are shown as
W2. autoradiogrians after hybridization.
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detrmine if overexpression of pfmdrl RNA
was associated with MFQ resistance, we
performed Northern analysis of RNA samples.

We began by examining steady state levels -

of pf~dl RNA from both a MFQ sensitive .-

(MFQS) and a MFQR strain of P. fac•wan t-
to determine the number and size of the 1,-

transcripts, and to determine if there was any
correlation with MFQ resistance. A clone of -

W2, a CLQR P. falciparum isolate from
Indochina, was placed under stepwise MFQ _
pressure in vitro to derive W2mef, its donal
daughter strain which is CLQR and MFQR
[291. A probe for the pfmdrl gene was found to
hybridize to 2 transcripts in total RNA n K T T s K R T T s

samples from mixed stage erythrocytic cul- ,,m,
tires. To determine whether these two tran-

ci were s pFig. 2. Time course analysis of pfnurl RNA expresmion inscripts were stage specifically expressed, o o W2mef. RNA samples from aphidicolin-synchronized
performed Northern analysis of sorbitol W2mef parasite cultures were taken at vanous times from
synchronized parasite cultures (Fig. 1). In the ring (R). trophozoite (T) or schizont (S) stages and

sam sderived from the early ring ocy- analyzed as in Fig. I. Autoradiograms of a Northern blot
samples dprobed with first the pfmndr then the rDNA probe is
tic stage, a single transcript of 8.5 kb was shown.
present. In samples derived from the later
trophozoite erythrocytic stage, an additional oligo(dT) chromatography. Both of these
7.5-kb transcript was present. This pattern of a transcripts are retained by oligo(dT) in
single transcript in ring stages and two chromatography experiments, since hybridiza-
transcripts in trophozoite stages was present tion was present to both transcripts when the
in both W2 and W2mef. A ribosomal probe oligo(dT) bound fraction was subjected to
was used to determine relative levels of sample Northern analysis, and was absent in oh-
loading. There was a higher level of expression go(dT) unbound fractions under similar con-
of both transcripts in W2mef as compared to ditions, indicating that these transcripts were
W2 for both stages.

To confirm the stage specific expression
observed, we wanted to examine the expression
of these transcripts in a time-dependent kb fl
fashion throughout the erythrocytic cycle. 7.-
Parasite cultures were tightly synchronized by 4.4-

incubation with aphidicolin. Fig. 2 shows a 24_

Northern blot of representative time points 1,4-

from such a synchronization. There was a
single 8.5-kb transcript in ring stages and two
transcripts of 7.5 and 8.5 kb in trophozoite
stages. Interestingly, in the schizont stage, the
level of both pfmdrl transcripts was signifi-
candy reduced, when loading levels were 1 2 a

adjusted using the nbosomal RNA probe, as Fig. 3. Oligo(dT) analysis of the two pfmdrl transcripts.
compared to other st.gcs of the cycle. Total mixed stage W2mef RNA was run as either

unfractionated (lane 1), oligo(dT)-unbound fraction (laneTo establish that these RNA molecules were 2), or oligo(dT)-bound fraction (lane 3) and analyzed aspolyadenylated, we subjected samples to above using the pfmdrl probe.

S*, .'.".-77.77.'
S'.• :• ' '• i, .. • " ':!." "!" : •:', o . ',' :" ::,;' •, ': ' ' " " : •. • ' .4

• ~ ~~~~~~~~~~~. ! . i . -. .•,.i•ii. !'i., ,.. ,.-- -.- '..::." . •,i :. .



polyadenylated (Fig. 3). In this fractionation samples from each strain and stage (se Fig. I
analysis, there was a hybridixing band larger and Table I). RNA samples from total mixed
than 9.5 kb in total nucleic acid preparations stage erythrocytic cultures along with samples
which was not retaimd by the oligo(dT) from stage synchronized cultures were hybri-
matrix. This band was hown to be DNA by dized with either the pfu*irl or the ribosomal
its sensitivity to DNas (Frig. 4, lane 2), and probe and the hybridization results were
insensitivity to RNass (F]i 4, lane 3). quantified. Table I shows a summary of these

To analyze whether the expression of the results using the drug sensitive HB3 strain as a
two pfmibl transcripts observed for the W2 comparison. Values for the ratio of hybridiza-
and W2mef strains was consistent in other P. tion signal of the pfmbl probe relative to the
falcipan.m strains, total mixed stage RNA rDNA probe are greater for W2mef as
from a panel of isolates with different drug compared to W2 when normalized to HB3.
phenotypes (see legend, Fig. 5) was subjected This analysis examined levels of pfmb)l
to Northern blot analysis and hybridized with mRNA expression in a pair of clonal labora-
the pfmd&1 probe. The autoradiograms from tory strains that differ by resistance to MFQ as
this analysis (Fig. 5) indicate that two a result of MFQ pressure in vitro. We wanted
transcripts were observed in multiple strains to determine if this was consistent with strains
with different drug sensitivity and resistance of parasites that were MFQR as a result of
profiles. This implies that the presence of 2 natural drug pressure. We therefore extended
transcripts is a general feature of this gene this quantitative analysis to a panel of recent
expression. isolates from Thailand [30]. Six of the isolates

To determine the level of expression of these are resistant to MFQ by in vitro testing and
stage specific transcripts in drug resistant as one isolate from the same geographic region,
compared to drug-sensitive strains, quantita- TM335, is sensitive to MFQ. A representative
tion of RNA levels was done by dot blot Northern blot with RNA from some of these
analysis. Previously we found that the ob- isolates is presented in Fig. 6, showing pfmdr)
served pfmdrl transcript was apparently over- signal along with ribosomal signal for loading
expressed in W2mef as compared to W2 [12].
To confirm these observations and to deter- k
mine if there was a stage-dependent expression kb
of the two transcripts identified in this work, .
extensive analysis was performed on multiple 7.5

4.4 -

92.

14-I
4.4-

1.4 / ! !"

- lB-US Gi GA*

1 2 3 Fig. 5. Two pfmdrl transcripts are present in multiple
Fig. 4. RNase and DNase analysis of the two pfindir strains. RNA samples from different isolates (HB3 (CLQS;
transcripts. Total W2nief RNA was incubated with no MFQS), FCR3 (CLQR; MFQS), GH2 (CLQR; MFQR),
enzyme (law I), RNase-free DNase (lane 2) or DNasw-free GA3 (CLQR; MFQR), and lB-B5 (CLQR, MFQS)) were
Rlase (lane 3) and the resulting nucleic acid was resolved resolved on denaturing agarose gels, transferred and
on formaldehyde agarose gel.s transaed, and probed with hybridized with the pfinj l probe. Each Northern is shown

the pfimdl molecule. with its own markers as they were run on separate els.
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11131 11311Our previous work (121 had shown that
Wthere waasingle transcript for the P!m*n .
gone that was a 8 kb in size. With
well resolved Northern analysis we are able to

C- observe two transcripts that migrate at 8.5 kb
and 7.5 kb, based upon Northern analysis
using the ~ 1 probe. These two transcripts
are present in RNA from every strain exam-
ined, regardless of drug sensitivity or resistance

14- phenotype. These data are inconsistent with
the Northern results presented by Foote et al.
[III, which suggest that there are 4 transcripts

A.lm encoded by the pfnsdrl gene. Using a probe to
u M rMthe same region of the gene, we frnd cross

Thabad. RNA rom asyuchroanmd clwasm wa raoivd hybridization to products which migrate with
oM u 1yd& S•no V1. T7hW acid MWa the ribosomal subunits. These cross-hybridiz-amalyau as dImeibed, sIade si hown as autrd•ioramshab-dyui dubIo wth a d n a, -ul prob o ing products are not retained by oligo(dT) and

ribotonm,. are DNase-resistant and RNase-sensitive,
suggesting that they are not polyadenylated

levels. A combination of Northern and dot but that they are RNA in nature (SKV,
blot analysis on multiple RNA samples (see unpublished). In addition, expression levels
Materials and Methods) is summarized in for the pfmdrl transcripts are greater in the
Table 1I. All of these recent MFQR isolates troph=ie stage relative to the ring stage for
from Thawid had increased expression of the both W2 and W2mef; however, in schizont
p~Iui gn when compared to the recent stage levels are markedly reduced relative to
MFQS isolate TM335 or the W2 strain. We the trophozoite stage. This is different from the
find that an increased level ofpfmdrl mRNA is observations of Foote et al. [11], where
consistent with a MFQR phenotype in this expression in schizont stage seemed increased
panel of isolates, as compared to trophozoite stage, but based

on our analysis, we believe that the Foote et al.
data [111 represent cross-hybridization to

D e ribosomal RNA.
The structural nature of these transcripts

We have identified two polyadenylated and the mechanism by which they are derived
transcripts for the pfindl gene which are has yet to be established. The two transcripts
stage specificaly expressed throughout the differ in sze from one another and from the
erythrocytic cycle of the parasite. Analysis of size either the open reading frame [1 or the
this expression demonstrates that an 8.5-kb protein product identified [24] would predict.
transcript is present in all stages of the The structural differences suggest that either
erythrocytic cycle and that an additional 7.5- the two mRNAs are processed to give one
kb transcript is present in the trophozoite and protein product, or that the two transcripts
schizont stages of this cycle. In addition, these encode distinct protein products. Perhaps these
transcripts are overexpresed in MFQR as structural differences may be functionally
compared to MFQS strais, both in a important, for example, in regulating expres-
laboratory derived resistant clone as well as sion of these transcripts or the resulting
in some rent field iolate from Thailand. proteins, mediating the interaction of these
Thius n of pfml mRNA is products with other gene products that may be
consistent with MFQ resistance in the strains involved in drug resistance, or targeting these
mlyued. products to their appropriate sites of action.

4
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We have shown that these transcrpts are copy number in these isolates. 7Ue ftults
lp l 1 A in drug sensitive as well as drug thereore support, the notion that ovefr~pres,-

resistant strains; therefore, it is unlikely that sion of the pfmdh1 gene product may play a
their exprssmon determins drug resistance. In role in mediating drug resistance in some
the mammalian systm it is known that MFQR strains.
mulipl transcripts may be encoded by a The role of the pfmdrl gene and its two
s=Wge gene, but that the reultig products transcripts remain to be determined, but by
code for proteins that specify different drug analoly with the function of members of this
resistance phenotypes [6]. Perhps RNA gene family in other systems, we hypothesize
processing is important in deteriminig the that the encoded protein will fuinction in
drug resistance phenotype, either regulated at membrane transport. Further, because of the
the RNA levl, or specified by the resulting association of increased gene copy number
proteins. Overexpression of the mRNA for the [12,30] and increased expression of this mRNA
pfin&dr gene, which corresponds to an increase with MFQ resistance, we suggest that this gene
in gene copy number 130) is consistent with a may be involved in MFQ resistance. Proof of
MFQR phenotype in the strains examined. this awaits functional analysis.
This suggests that gene amplification and

oveexreuonof RNA, like in the mamma-
lian MDR system, may be an important Acewlsdsm
mechanism of MFQ resistance in P.
fako~wun. This work was supported by grants from the

These two transcripts might code for distinct John D. and Catherine T. MacArthur Foun-
protein products, but the protein data for dation, the NIH (AI-27872), the UNDP/ World
pf.,dvl suggests a single product. This product, Bank/WHO Programme for Tropical Disease
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Closing and functional analysis of an extrachromosomaily amplified
* multidrug resistance-like gene in Leashmarna enriettii
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The -pal ofdi work was to investilpte the mechanism of drug resistance in Leishmasmi ennietti as a model system for
drug moistaes booh in hum liaihmaiaism and on other parasitic diseases. Parasites were selected in increasing

oea' -F Isms' of viobbsasime an inhibitor of microtubule assembly, and resistant clones were isolated which grew in
coomentratjoes 5-30 times the 1C9 (30 jag ml-1') of parental cells. The vinbiastine-resistant parasites were also resistant to
puromycan, an nrelated drug which inhibits protein synthesis. This cross-resistance to unrelated drugs had previously been
observed in mammalian cells and recently in L. ds.onaui. The proposed mechanism for this cross-resistance is drug efflux
mediated by increased expression of a P-glycoprotein molecule encoded by a multidrug resistance (mdr) genc. Here we report
the identification, downsn and sequencing of an mkb-lke gene from L. enslettii, Iemdrl, and demonstrate that this gene is
amplifled on an I *---- a circle of 35-40 kb in vinbiastine-resistant L. ens'iethz. The longest open reading frame in
the domed ges isM 123 mascids with a predicted protein of 140 kD. The predicted protein has a structure similar to that
for aS osher raponad -gyooproesis amenl 12 trannemembrane domains and 2 ATP binding sites, arranged in 2 similar half-
molecules. Comparieo. aofthe primary mom acid sequence with other known no* genec products demonstrates a significant
hamolop with 37% aminm acid identity with humaesn w1 and 83% identity with the L. donovani kk*dr gen. The IemdrI
gene was domedin the e 1 rssio" vector pALThEO and transfected into wild-type L. enriettu and the resulting transfected

otwere resistant to vinhiastone but at lWer levels than in the selected mutant cells.

Kywords: L~eake Drug resistance: Amplification; Translection

P.ed morbidity and mortality. Recent evidence has
suggested that drug efflux mediated by P-

Drug resistance is emerging as a major glycoprotein-like membrane transporters, en-
problem in many parasitic diseases. It may coded by multidrug resistance (mdr) gene, may
pose a significant problem for treatmenit and play a role in drug resistance mechanisms in
control of these diseases and their resulting several protozoan parasites. The goal of this

work is to investigate the role of such rnd-like

Covrregan~uc ailieu: DaaFWiteprmnof gene recently identified in several protozoan
Tropical Public Health, Harvard School of Public He"lthS parasites in drug resistance. This work will
Huntington Avenue, Boston, MSA 02115, USA. Tel: (617) 432- focus on Leirh~nara enrueuu as a model system
1563; Fax: (617) 73"414. and will serve as a basis for a more generalized

application to other protozoan parasites.
Note: Nudgotids sequence data 11aptetd in this I aper have Tepeoeo fmlirgrssac
baen submitted to the GoSallook'" data bs wihd accesion was phrtescrienoin ofmammlian neopistance

numbr L0091.cells derived either In vitro through step-wise

Abhkewafest: med, muaicidrug resistance; TAFF, transverse- selection in various anti-neoplastic drugs or in
alsesuaan field olectroplmosesis. tumors which became refractile to chemother-
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apy [1-41. Neoplastic cells subjected to treat- Leishmania cells were selected with various
ment with a single drug became resistant to agents like methotrexate or arsenite [29-321. In
multiple, unrelated drugs through a common L. major, transfection experiments showed that
mechanism of drug efflux mediated by over- the lmpgpA is responsible for the resistance to
expression of a membrane transport protein, arsenite and some antimonial drugs but not to
the P-glycoprotein. The primary role of this P- the hydrophobic MDR drugs like vinblastine
glycoprotein mediated mechanism of drug or puromycin [28) to which mammalian MDR
resistance has been demonstrated by transfec- cells are resistant.
tion of drug sensitive cells with the cDNA of The goal of this work is to develop a system
the mdr gene [2]. mdr homologues have been for the functional analysis of P-glycoprotein-
found in other organisms, including mouse [5- like molecules in protozoan parasites in order
8], rat [91, hamster [101, yeast [11,121, Droso- to understand the role they may play in drug
phila [131 and some protozoans [14-18). They resistance mechanisms in these parasites. In
all shared the same putative structures, namely previous work, we identified and partially
an internal duplication with each half having 6 characterized several L. enriettii sequences
transmembrane-domains (TM) and one highly related to mammalian mdr genes [18]. We
conserved nucleotide binding motif. It is demonstrated a role for one of these genes in
postulated that the P-glycoproteins originated vinblastine resistance in the closely related
from the duplication of the bacterial mem- Leishmania donovani. Here we report the
brane transporter genes [3,19,201. identification, cloning and sequencing of an

Although it is well established that the P- mdr-like gene in L. enriettii and have demon-
glycoprotein is responsible for the multidrug strated that this gene is amplified on an
resistance in mammalian cells, the role of this extrachromosomal circle in parasites selected
gene in normal cells has yet to be determined, for resistance to vinblastine. In addition, we
Evidence from analysis of drug efflux and the tested the function of this gene by transfection
similarity of the P-glycoprotein structure' with analysis. In parallel experiments, a similar gene
bacterial transport proteins has led to the has been identified and characterized in L.
hypothesis that the P-glycoprotein is directly donovani [54].
involved in the transport of drugs from the cell.
In support of this hypothesis, recent work has
demonstrated that the mouse mdr gene can Materials and Methods
functionally complement the ste6 in yeast for
the transport of pheromone [12]. Second, Cell culture. L. enriettii promastigotes were
reconstitution experiment showed that the P- cultivated in Schneider's Drosophila medium
glycoprotein has a drug-inducible ATPase supplemented with 15% heat-inactivated fetal
activity [211. Recently, the P-glycoprotein was bovine serum (Gibco/BRL, MD), 4 mM L-
shown to have a chloride-selective channel glutamine, 0.04% gentamicin sulfate (Sigma,
activity which was volume-regulated and ATP- MO) at 28°C. Vinblastine-resistant cell lines
dependent [22). The chloride ion channel were selected by exposing wild-type L. enrienii
activity can be dissociated from the drug- to a stepwise increase in drug concentration
binding activity of the P-glycoprotein [23]. from 80 to 900 pg ml- 1 over a period of about

mdr-like genes have been studied recently in 9 months. LeV80, LeV120, LeVI60, LeV400
some parasitic protozoan, including Plasmo- and LeV900 are vinblastine-resistant cells
dium falciparum [14,15,24-26], Entamoeba growing at a concentration of 80, 120, 160,
histolytica [16,271, Leishmania tarentolae [17) 400 and 900 jug mi-I of vinblastine respec-
and Leishmania major [281. In L. tarentolae and tively. Vinblastine sulfate was obtained from
L. major, an numr-like gene (ltpgpA and impgpA Sigma.
respectively) was found to be amplified on an
extra-chromosomal circle (H-circle) when the Library screening. The PCR product
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LEMDR06 was used as a probe to screen a L. cleotide chain termination method of Sanger
enrietti genomic library which was prepared in [38]. The 2.6-kb Pstl fragment, 5.5-kb Hincll
the phage vector A-Fix (Stratagene, CA). The fragment from A3 and the 8-kb Nod fragment
LEMDR06 PCR product was derived as from A99 were subcloned into pBluescript
previously described (181. Plaques were pur- (Stratagene, CA). Sets of unidirectionaily
ified through 2 rounds of plating and 2 positive deleted clones were generated using the mung
clones were obtained. They were designated as bean/ExolIl digestions (Stratagene, CA). To
A3 and A99. All phage manipulations and facilitate sequencing, primers other than the
DNA preparations were done according to M13 universal primers were also used. Analy-
the protocols described by Maniatis et al. [35]. sis of the lemdrl sequence was performed using

software programs from PC/Gene software
Southern hybridization. Genomic DNA was package (IntelliGenetics, CA) and the Genetics
digested with various enzymes under condi- Computer Group software (GCG, Univ. of
tions recommended by the supplier (New Wisconsin; ref. 39). Database searching was
England BioLabs, MA). The digested DNA performed at the National Center of Biotech-
was fractionated on 0.8% agarose gels and nology Information (NCBI) using the BLAST
transferred to GeneScreen Plus nylon mem- network services [40]. The hydropathy plot was
branes (DuPont, PA) by the method of generated with algorithm devised by Kyte and
Southern [35,36]. Probes from various regions Doolittle [41] using a window size of 9 amino
of the A clones were labeled with [2x-32p] dATP acids.
as previously described [33,37]. The signals
were visualized by autoradiography at - 70'C. Plasmid construction. The 7-kb Xhol frag-

ment containing the lemdr) sequence was
Pulsed field gel electrophoresis. Chromoso- obtained as follows: A 5.5-kb HincII fragment
mal DNA was prepared by first embedding log from A3 was cloned into pBluescript. This
phase L. enriettii cells in 0.5% lowmelt agarose plasmid (pL3H2) was digested with Nod and
followed by digestion with proteinase K (2 mg the resulting 6.2-kb fragment containing the 5'
ml-1). The blocks containing protein-free end of the lemdrl gene and the pBluescript
DNA was fractionated on 1% FastLane plasmid was gel purified. The 8-kb Nod
agarose (FMC, ME) gel by Transverse Alter- fragment from A99 was ligated into this vector
nating Field Electrophoresis (TAFE). Sacchar- resulting in the pCn7 plasmid containing the
omyces cerevisiae chromosomes or A ladder entire lemdr) coding sequence and flanking
were used as size markers (New England regions of DNA. The Nol junction region was
BioLabs, MA). The condition used for the confirmed by DNA sequence analysis. To
separation of the linear DNA was 150 mA, 1- obtain pNEOU2, the 7-kb Xhol fragment
min pulse for 24 h at 12°C. For circular DNA, from pCn7 was gel purified and ligated into
the pulse time was reduced to 4 s for 12 h. In pALTNEO [33] which had been digested with
the 7-irradiation experiment, the agarose XhoI under conditions of partial digestion. The
blocks derived from LeV160 cells were sus- structure was confirmed by restriction analysis
pended in 1 ml of I mM Tris-HCI, pH 7.6/ 50 and DNA sequence analysis.
mM EDTA. The blocks were then exposed to
6°Co (ICN model GR-9, CA) for various Transfection. Late log Leishmania cells were
dosages up to 200 krad before analysis by harvested and washed twice in cold phosphate
TAFE. buffer saline. For a single transfection, 10 cells

were resuspended in 0.5 ml of ice cold high
DNA sequence and computer analysis. Dou- ionic strength electroporation buffer (21 mM
ble-stranded DNA sequencing was carried out Hepes/ 137 mM NaCI/ 5 mM KCI/ 0.7 mM
with the Sequenase kit (United States Bio- Na2HP04/ 6 mM glucose, pH 7.05). Electro-
chemical Corp., OH) based on the dideoxynu- porations were done with 50-100 pg of

0O '7,
i . . .,, , . - . . . , ., . . : ,, . ., , . . . . .. , ,



supercoiled pALTNEO or pNEOU2 DNA like gene. A battery of cell lines was step-wise
using the setting of 3 kV cm-' and 25 puF selected with increasing concentrations of
capacitance [331. After overnight growth, cells vinblastine and cell lines were analyzed at
were selected in Schneider's medium supple- various points in the selection process. The
mented with geneticin (50 jg ml-) growth of these cell lines was compared with

the parent L. enriettii in the presence of
Drug sensitivity assay. 105 to 106 cells grow- increasing concentrations of vinblastine. For
tug at log phase were put into the medium example, the IC50 (vinblastine) of parental cells
containing various concentrations of vinblas- was about 30 pg ml- 1, while the LeV900 cells
tine or puromycin. A6w was measured after 3- grew continuously at vinblastine concentra-
4 days of growth. Drug sensitivity was tions of 25-400pg ml1- (see Fig. IA). Previous
expressed as the percentage of growth corn- work with the vinblastine-resistant L. donovani
pared to the same cell line growing in the strain demonstrated that those cells were cros-
absence of drugs. resistant to multiple other drugs similar to the

observations with multidrug-resistant mamma-
lian cells [18]. To determine if the vinblastine-

Resits resistant L. enriettii cells were similarly
resistant to other drugs, the LeV900 cells were

Vinbiastine-resistant L. enriettii are also resis- tested for growth in increasing concentrations
tant to puromycin and have an amplified mdr- of puromycin. As can be seen in Fig. 1 B, the

IC50 (puromycin) of the parental cells was
about 50 pM, while the LeV900 cells grew at

12 •concentrations of 500 pM.
Previous work in mammalian systems and in

z.e vuo0 vinblastine-resistant L. donovani demonstrated
1 0.8 an amplification of mdr genes associated with

0.6 vinblastine resistance [1,181. DNA from the
Swild-type and vinblastine-resistant L. enriettii

a4• Wild ype cells were digested with BamHI and Southern
t -_blotted. Hybridization with radiolabeled

__ LEMDR06 [18] showed that there was an

0o , ao i 4 o Soo increased hybridization signal (ranging from
Vinblastine ug/ml 10-20 copies) in the resistant cells when

1 _ __ compared to o-tubulin which was used as a
control for the amount of DNA loaded onto

1.0 the gel (Fig. 2). The gene containing
0.. LEMDR06 is designated lemdrl. Similar

0 L9V90 results were obtained when the enzymes Sail,
.0.6. SacI and Clal were used (data not shown).

4 Rehybridization of the same blot with a probe
0.2.-typ derived from another previously characterized

mdr-like gene in Leishmania tarentolae, ltpgpA
0.0 WO[17], showed that there was no amplification of

S 100 2 30o 4o ltpgpA in the resistant cells (data not shown).
Puromycin uM

Fig. I. Comparison of growth of the wild type (Le) and Pulsed field gel electrophoresis and y irradiation
resistant L. enkttEU cells (LeV900). Le and LeV9'0 cells of chromosomal DNA blocks from sensitive and
were grown at different concentration of drugs: (A)
vinblastine; (B) puromycin. The curve was plotted at each resistant L. enriettil cell lines. In Leishmania

drug concentration as a percentage of control growth. spp., amplified genes frequently occur as extra-

I
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which hybridized with the lemdrl specific
o 0 probe in chromosomal preparations from

0 C4 • vinblastine-resistant cells when compared to
C > those isolated from the sensitive parent.

) 0 W Secondly, the migration of this new element
,...j .. . , was pulse time independent consistent with a

circular structure (Fig. 3C and D) [45,461. We
designated this extra-chromosomal circular

22.... .element as the V-circle (V stands for Vinblas-
.. 22. kt tine). The mobility of the V-circle in LeV80,
- 9.0 LeVI20, and LeVl60 cells remained approxi-

S6.6 mately constant (Fig. 3B and D)
The chromosomal DNA preparations were

4.4 subjected to y irradiation before TAFE
analysis. Previous work demonstrated that y
irradiation is an effective method of cleaving
extrachromosomal circular elements resulting
in linear molecules [45,46]. Chromosomal

2.3 DNA blocks from LeV160 cells were irra-
2. diated with increasing amounts of y irradiation

-- 2. 1 and the migration of the extrachromosomal

element was altered from an apparent size of
60 kb to a size of 35-40 kb (Fig. 4). This result
was consistent with the double stranded
cleavage of a circular element by y irradia-
tion. Based on this result, the size of the
extrachromosomal element, referred to as the
V-circle, was estimated to be about 35-40 kb.

Finally, the method of alkaline lysis was
used to enrich extrachromosomal elements and
the amplified iemdrl gene copurified with the
extrachromosomal element fraction [47]. Lim-

Fig. 2. Southern analysis of genomic DNA from wild-type ited DNaseI digestion was performed on the
and resistant L. enrnetti cells. Genomic DNA (5 ug) was purified DNA. It was found that the circular
digested with BamHI, fractionated on 0.8% aparoe gel,
blotted onto nylon paper and hybridized with radiolabeled DNA was digested by the DNaseI to give rise
LEMDR06. In the bottom panel, the same filter was to nicked circular and linear form of DNA in a
hybridized with a-tubulin probe (as a loading control). time-dependent manner (data not shown). This
Wild type, Le. Resistant cells, LeV80, LEVI20, LEVI60
which were growing at a vinblastine concentration of 80, further supports the above suggestion that the

120 and 160 pg mi-1, respectively. lemdr) amplicon is an extra-chromosomal
circular element.

chromosomal circular elements [42-44]. Three
experimental methods were used to determine Restriction mapping of the V-circle and identi-
if the amplified lemdrl gene was pr',ent on an fication of the circle junction. The lemdrl gene
extrachromosomal element, chromosomal gel was localized on 2 overlapping phage clones
analysis, y irradiation, and alkaline lysis (A3 and A99) encompassing a region of
purification of extrachromosomrd DNA. approximately 26 kb. In order to map the
First, chromosomal DNA preparations were structure of the amplicon, different restriction
analyzed using TAFE. The resul, (Fig. 3A fragments (labeled 1-9 in Fig. 5) from the 2
and 3B) demonstrated an additional band clones were used to probe the BamHI digested

.,, . .: .,'. " 4'
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2.4-kb BamHl fragment). Probe 6 also detected
LeV 160 new amplified fragments in the Sail, Sacl and

SC/al digested genom ic D N A (data not shown). t '
When probes 7-10 were used, there were no

7 radiation 0 changes in either the signal intensity or the
restriction pattern, indicating that this region
of genomic DNA was not amplified (Fig. 6C
and data not shown). We hypothesize that the
recombination event which results in the
formation of the V circle occurs at a site
within the 2.4-kb BamHl fragment.

kb C Sequence of lemdrl. The region encompass-

145 - ing the putative coding region of the lemdr)
gene was sequenced, and the longest open

97 - reading frame (ORF) found was 1280 amino
acids (Fig. 7). A protein of a size of about 140

S kDa is predicted. A hydropathy plot [411
48 -•revealed that it has 12 transmembrane do-

23 - imains and 2 hydrophilic putative nucleotide
9.4- ibinding sites symmetrically divided into 2

halves (Fig. 7). These structures are very
Fig. 4. y-irradiation of genomic DNA from resistant cells, similar to other mdr gene products [1].
Agarose blocks containing genomic DNA from LeV160
cells were irradiated with increasing doses of y ray from 0 to Comparison of the Iemdrl sequence with tiae
200 krad. The 7 ray was from a source of 0" Co. The DNA GenBankTM database revealed that the lemdrl
was then separated on TAFE using a pulse time of 4 s, has a 37% sequence identity with the human
blotted onto nylon paper, and hybridized with radiolabeled mdrl gene, at the amino acid level, with the
LEMDR06. C, chromosomal copy of lemdrl; S, super-

coiled form of V-circle; L, linearized form of V-circle. greatest identity found in the putative ATP
binding domain. When compared with the L.

DNA of both wild-type and resistant cells. It donovani Idmdrl gene [54], there is an 83%
was found that when probes 1-5 were used, sequence identity at the amino acid level. The
there was an increase in signal intensity in the major difference between the predicted pro-
resistant cells compared to the wild type (Fig. teins for iemdrl and Idmdrl is in the choice of
6A and data not shown). The restriction initiation codon. The putative lemdrl start
pattern remained the same between the wild codon has a counterpart in the Idmdr), but the
type and the resistant cells. However, when the longest ORF of Idmdrl predicts an AUG start
probe 6 was used, the restriction pattern codon 61 amino acids upstream and in-frame
between the wild type and the mutant cells of the putative AUG start codon of lemdrl. In
differed. The expected 2.4-kb band was present addition, the comparison of the predicted
in the same intensity in both theWi-type and protein sequences for lemdrl and Idmdrl
resistant cells. However, there was an extra shows the highest divergence in the first 40
> 15-kb band amplified in the resistant cells amino acids of the lemdrl protein.
(Fig. 6B). It is envisioned that the 2.4-kb No data are available concerning post-
BamHI band was derived from the unamplified translational modification of the predicted
chromosomal region, while the extra > 15-kb lemdrl gene product, however, a comparison
band was derived from the amplified extra- of putative glycosylation sites indicated that
chromosomal region. Therefore, the novel the three N-glycosylation sites of human mdrl
> 15-kb band was created when the circular- are absent in the lemdrl [1]. All potential N-
ization occurred within the probe 6 region (the glycosylation sites of lemdrl are either buried

..........................-----........
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Fig. 5. Restriction map of A3, A99 and the V-circle. Regions covered by A3 and Al99 were represented as 2 bars on top of the
diagrami. The 2 nudleotide binding sites of Ine*1d are represented as black boxes (obsl and nbs2). Coding region of kied,1 is
represented by a dark bar underneath the restriction map. The stippled region represents the region which is amplified as
extra-chrornoaonal circle. Fragments 1-9 were used as probes for hybidizatin analysis. Sc. Sacd; S1, Sadl; B, BaHI; R,
EcoRl;K, Wn; N, Nosi;C, Clal; X, XhoI; H, Hbcll. + and - sipnsindicate the presence or absence of arplification or

new bands (see Fig. 6) in the resistant cells.

in the predicted transmembrane domains or in (data not shown) which is higher than that
the putative cytoplasmnic side of the protein, found in LeV16O (10-20 copies). Analysis of
Similarly, no potential N-glycosylation sites of the Northern blot of pNEOU2 and LeVI6O
khwh) are present on the putative extraceilular also revealed a higher Level of Iemdrl mRNA in
side of the protein [54]. the pNEOU2 (data not shown). This result

demonstrates a role for the lemdrl gene in
Tranafectkm with the lemdrl gene confers drug vinibiatine resistance; however, other addi-
reuistance. In order to show that the /on*]I tional factors may contribute to high level
gen alone can confer drug resistance to vinblastine resistance.
sensitive Leidhn~ania cells, a 7-kb XhoI frag-
ment containing the lemdrl coding sequence
was cloned into the expression vector pALT- Dimscuso
NEO [33) for transfection analysis. T~he
construct was designated as pNEOU2 (Fig. Heme we report the identification, cloning
SA). Stable transfected cell line established and sequencing of an rndr-like gene from L.
from this construct were approximately 3Mold enriettal, Iemdr], and demonstrate that this
more resistant to vinblastine than cell lines gene is amplified on an extrachromosomal
transfected with the control vector pALTNEO circle of about 35--0 kb in vinblastine-resistant
(Fig. 8B). However, the level of resistance is L. enrkittU. Functional analysis of the kmdrl
lower than the drug-resistant cell line LeY 160 gene by transfection of wild-type cells demon-
which was establishied by step-wise drug strated that expression of the. lmdr) gene
selection (Fig. 8B). The copy number of the conferred vinblastine resistance to wild-type
Iemdl gene in the pNEOU2 cell line is >20 cells. The level of resistance was lower than

' ~ ~ ~ ~ '7' T,~ J~ jh.
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Fig. 6. Southern analysis of genomic DNA from wild-type and resistant cells. Genomic DNA (5 jg) from wild-type and
resistant cells (LeVSO, Le V120 and LeVI60) were digested with BwMHl, separated on 0.8% agarose gel, blotted onto nylon
paper and hybridized with probes 5-7 (see Fig. 5). The sune falter was stripped with 0.4 N NaOH before rehybridized with

another probe. The bottom panel shows hybridization with the a,-tubulin probe as a loading control.

that observed with the step-wise selected tance and the over-expression of an mdr gene
mutant cells. The longest open reading frame was first observed in the mammalian cells.
in the cloned gene is 1280 amino acids with a Therefore, this phenomenon was highly con-
predicted protein of 140 kDa. The predicted served and reproducible ranging from the
protein has a structure similar to that for all higher to the lower eukaryotes.
other reported P-glycoproteins, namely 12 Previously, another mdr homologue (ltpgpA)
transmembrane domains and 2 ATP binding has been cloned in L. tarentolae [17]. Compar-
sites, arranged in 2 similar half-molecules. ison of all 3 mdr homologues showed that
Comparison of the primary amino acid Iemdrl is 83% and 24% identical to Idmdrl
sequence with other known mt* genes demon- and ItpgpA, respectively, at the amino acid
strates a significant homology with 37% amino level. The sequence of emdrl showed a 37%
acid identity with human mdrl and 83% identity to either mouse mdr2 or human mdvI,
identity with the L. donovami, khndir gene. at the amino acid level, while the ItpgpA only
The correlation between the vinblastine resis- showed a 22% identity to the mouse and
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mediating viablastine resistance in Leivhultia

PWTh 7le kv of drug resistance does not
corrlate with the gene copy number of
kI~l in thene transfection experiments.
There are several possible explanations includ-

Lt in sequence poly pmorhi as recentl demon-
tamted for the Ikan*I gen [ULJ differncoes in

RNA processing signals in the transfected gene
as compared to the gene on the amplified circle

CW and finally, the role of other genes or sequences
in the amplified V-circle.

T7he leusdu1 multidrug resistance gene is
amplified as an extra-chromosomnal circle (V-

MDR HMO circle). This is different from the mdr gene
amplification in mammalian cells, which is
associated with either large circular double
minutes or with long chromosomally inte-

0 VWLASIINE SEWITIVI ASSAY grated homogeneously staining regions (1). in
Leahmania, there are previous examples ofI woextr-chromoomsmal circles associated with

10 ON" drug resistance, including the R-circle (con-
taining WAf-ts) [43], H-circle (containingI, kIpgpA or biipgpA and Ith or hmtx')

b [17,50,511, a 63-kb circle (containing the N-
20 acetyl-glucosamine- I -phosphate transferase

_________________gene) [52], and a 68-kb circle of unknown
0 4 0 n function in difluoromiethylornithine-resistant

cells [53].

Fig. S. Tranafetion of wild-type L ., enkti Thh mriese results taken together with those in L.
confers vinbiastine resistaice. (t) Restriction map Of doeiovani indicate that the mdr-like genes,
pNEOU2. It was prepared by subdoniu the 7-kb XhaI lemdrl and Idmdrl are involved in conferring
fragment (see Fig. 5) into pALThEO. (B) Stably a multidrug resistance phenotype in Leishma-
trannfected cell oes of pALThEO and pNEOU2 and the
positive control LeV160 were assayed for vibatn nia sp. similar to that originally observed in

sensitivity at 0, 25,50, 75, 100, and 200 pg ml' mamimalian neoplastic cells. The role this
mechanism of drug resistance plays in clinical

human gene. This suggested that the kmlem disease is unknown, however, the relative ease
and khndr) genes, are more closely related to with which resistant mutants were isolated in 2
the mammalian mdr gene than is IipgpA. different species indicates that such median-

Functionally, the ledIl gene and the isms could play a role in clinical resistance
htpg~pA are also different. Transfection experi- either now or in the future.
ments showed that the Jt~pA homologue in L.
major, bnpgpA, conferred antimony and ar-
senite resistance, but not resistance to other AeM "oelugifts
hydrophobic drugs like vinblastine. On the
contrary, the over-expression of kM dii in We would like to thank Drs. Mark Rodgers,
transfected L. deovawu ceb line can confer James Tobin and Maria Curotto de Lafaidle
MDR phenotype (IS). This work has further for helpfual discussions; Ramona Gonski for
confirmed that the kindri gene is involved in manuscript preparation and Dr. Mark Wuell-
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Characterization of the pfmdr2 gene for Plasmodiwn falciparum

Mariano G. Zalis, Craig M. Wilson', Yun Zhang and Dyann F. Wirth*
Depa.ntm of Tropical Public Health. Harvd School of Public Health, 665 Huntington Avenue. Boston, MA 02115, USA

(Received 31 March 1993; accepted 7 August 1993)

We report the characterization of the pfmdr2 gene which is a gene related to the P-glycoprotein family but with a somewhat
different structure than the mdr genes. Based on DNA sequence analysis of genomic clones, we have discovered that the
pfxdr2 gene has 10 predicted transmembrane domains and a single ATP-binding site. In a homology search using GenBank
sequences, we discovered that the pafmdr2 gene has a significant homology with the hmitl gene in yeast. The yeast h•itl gene is
involved in cadmium resistance and is hypothesized to transport cadmium containing complexes from the cell. We have
further characterized the pfindr2 gene expression by northern analysis and discovered that it is expressed in a stage-specific
manner, only at the trophozoite stage and not in ring stages. We have prepared a rabbit antibody to a recombinant fusion
protein expressing a portion of the pfmd,2 coding region. In IFA analysis, this antibody stains trophozoites and not ring
stages. Western analysis reveals a protein of approximately 110 kDa which is consistent with the size of the predicted open
reading frame based on DNA sequence analysis. Based on this analysis and previous work, there is no evidence for a change in
pfitdr2 expression in drug-resistant versus drug-sensitive parasites.

Key words: Plasmodisun falciparum; pfndr2 gene; Stage-specific expression

lutr ou resistance. This work has focused on a family
of proteins related to the mammalian multi-

Malaria remains a major disease threat drug resistance (mdr) genes.
throughout the tropical world. Malaria con- The mdr genes are members of a superfamily
trol programs have failed to limit the spread of of genes that are similar in sequence, predicted
disease and the emergence of parasites resistant secondary structure and function referred to as
to drugs has increased the severity of the the ATP-binding cassette (ABC) proteins [2].
problem [1]. In an attempt to develop new They have been identified in such evolutiona-
means to combat this emergence of resistance, rily diverse organism as bacteria [3], yeast [4],
we have begun a molecular analysis of drug protozoa [5] and mammals with a putative

ATP. The transport substrates of these gene
products are extremely varied in nature and

'C o-e nding author. Tel: (617) 432-1563; Fax: (617) 738- size ranging from small molecules to peptides •
4914. and polypeptides [6-10]. The ABC superfamily

'Present address: Division of Geographic Medicine, University homologs have been also identified in proto-

of Alabama at Birmiingham. Birmingham, AL, USA. zoan parasites including Plasmodium falcipar-
urn [11,12], Leishmania tarantulae [5] and

Abbreviations: MDR, multiple-drug resistance; ABC, ATP- Entanoeba histolytica [13]. Two genes have
binding cassette; PCR, polymerase chain reaction; IFA, been identified in Plasmodium falciparurn S
immunofluofescenCe assay. which have sequence homology with the ABC

Note: Nucleotide sequence data reported in this paper have family [11,12]. One of these, pfmdrl has a
been submitted to the GenBankTm data base with the accession similar structure with 12 predicted transmem-
number L13381. brane domains and 2 ATP binding sites and is
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implicated in mefloquine resistance [11,23,32- ligation reaction was precipitated with ethanol.
33). We now report the structure and char- The circularized DNA was amplified by PCR
acterization of the pfmdr2 gene. with the use of a number of primers. The 0.75 0

kb Sau3Al DNA fragment was amplified by
5'-GGATCCTATCTTGTGGTACTA-3'(sense)

Matewlatn MA .eh which introduces a BamHI site, and 5'-AAGC-
"f'TACAAGCTGTIAAATCG-3Y (antisense),

Parasites. The P.falkiparuw, strains HB3 [141 which introduces a HindIII site. The 0.5-kb
from Honduras [\CDC, W2 and W2mef from TaqI fragment was amplified by 5'-GGAA- 0
Indochina [15] were maintained in vitro AATrAGATGCCACTGAG-3'(sense) and 5'-
according to a modification of the method of GGTATCTTGTGGTACTATACC-3' (anti-
Trager and Jensen [16]. The isolates were sense). The 1.5-kb Taql fragment was ampli-
maintained in 5% suspension of type A+ fled by 5'ATGTACATTTIAATTACCCAA
erythrocytes in RPMI 1640 supplemented with (sense) and 5'-AGTAAATGATTrAATAA-
32 mM NaHCO 3/ 12 mM TES/ 37 mM TAGTA-3' (antisense). The primers 5'-GA- ! 0
hypoxanthine/ 2 mM glutamine/ 10 mM TATGAATATATCATATA-3' (sense) and 5'-
glucose/ 10% human plasma in an atmo- TIATCTGTrCCTAATAAGC-3' (antisense)
sphere of 1% 02/ 5% C0 2/ 94% nitrogen. were used to amplify the 0.8-kb Hpall
The pfmdr2 gene was characterized using both fragment. The PCR was carried out under
the HB3 and W2 P. falciparun clones, the following conditions: 100 ng of DNA as

template, 30 pmol of each primer, 0.5 U of Taq
P. fakciparum (HB3 strain) genomic DNA polymerase (Cetus), 70 mM Tris-HC! pH 8.8,
library. A genomic library was constructed 20 mM NH 2SO 4, 2 mM MgCI2, I mM DTT,
using HB3 genomic DNA which was partially 100 pg ml- BSA, 0.1% Triton X-100 in a 100 j
digested with Apol (New England Biolabs, #I reaction for 30 cycles of 94°C x I min, 47°C
MA), and ligated into the EcoRI site of x 3 min, and 72 0C x 12 min. The PCR
LambdaZap (Stratagene, CA). Genomic products were purified on a 1% low-melting 0
clones were selected from an amplified library agarose gel digested with appropriate enzymes
using pfmdr2 specific probes generated by and cloned into pBluscript vector (Stratagene)
polymerase Chain Reaction (PCR) (probe 1: at BamHI-HindIII restriction sites for the
nucleotides: 10-320 of the coding region and product derived from the Sau3AI fragment
nucleotides: 2308-2839 of the coding region). (clone pf750) and EcoRV site for the products
The selected phage clones were converted to amplified from the TaqI (clones pfl.5 and
plasmids by using the manufacturer's protocol. pf500) and HpaIl (clone pf800) fragments.
Double-stranded DNA was sequenced in both
directions [171. Sequence analysis. Plasmids containing

pfmdr2 gene fragments were sequenced by
Inverse PCR. The method described by using a modification of the dideoxynucleotide
Triglia et al. allows the amplification of chain termination [17] method with Sequenase
flanking regions of known DNA sequences enzyme (USB) and Taq polymerase (Promega).
by PCR [18]. W2 DNA was digested with All the sequences were determined on both
Sau3AI, TaqI or HpaII (New England Biolabs) strands using specific oligonucleotide primers.
and analyzed by Southern blot using a 450-bp The newly determined pfmdr2 DNA sequence
PCR product corresponding to the pfdndr2 was analyzed using the PCGENE software
nucleotide binding site [12]. The ligation (IntelliGenetics, Inc.) and the deduced amino 0
reaction contained 500 ng of DNA/ 1.2 U acid sequence was compared in the GenBank
pl1- of T4 Ligase (N.E. Biolabs)/ 1 mM of sequences. The predicted membrane spanning
ATP/ 30 mM Tris-HC1 pH 7.8/ 10 mM MgCi2/ regions of the pfmdr2 protein sequence were
10 mM DIT in a total volume of 200ju1. The analyzed using the HELIXMEM program

0 0 ;'* . 0,
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algorithms of Eisenberg et al. [191 in the protein (J-galactosidase-pfmdr2) was ex-
PCGENE software. pressed in the bacteria by IPTG (I mM final)

induction for 3 h at 37°C.
Southern analysis. DNA from P. falciparum The bacterial culture was then centrifuged
was extracted [23], digested (I ug/lane) with and resuspended in 0.5 ml of lysis buffer (50
EcoRl and resolved on 1% agarose gels and mM Tris-HCI pH 8.0/ 1 mM EDTAi 100 mM
transferred to nylon membranes. The hybridi- NaCI/ 0.5% Triton X-100/ 1 mM leupeptine/ I
zation was performed using PCR generated mM PMSF) and incubated in room tempera-
fragments of the pfmdr2 gene corresponding to ture for 30 min. The suspension was centri- S
bases 10-357 of the coding region simulta- fuged 12 000 x g and the supernatant was
neously with the Circumsporozoite gene [281. kept at - 70'C until used. The solubilized
The DNA fragments were radiolabeled using bacterial proteins were separated in 8% SDS-
random oligonucleotide priming technique PAGE and the band corresponding to the
[20]. fusion protein was cut out of the gel. To

immunize the rabbits, the gel slice was S
Northern analysis. Total RNA from HB3, homogenized with 2 ml of PBS and then
W2 and W2mef was extracted as described by mixed with I vol. of either complete Freund's
Volkmann et al. [21]. RNA from stage-specific adjuvant (CFA) of incomplete Freund's adju-
parasites was isolated after synchronization vant (IFA). For each immunization or boost,
with 5% sorbitol [24] followed by incubation approximately I mg of protein was used.
with aphidocholine (1.5 pg ml- final) [251. Injections were done at multiple subcutaneous S
Poly(A)+ RNA was isolated from total mixed sites according to the following schedule: day
stage RNA using a oligo(dT) column as 1, immunize with CFA; days 15 and 22, boost
described by the manufacturer (Pharmacia). with IFA; day 30, bleed rabbits and test serum

Total RNA (10 14g) and Poly(A) + RNA by indirect immunofluorescence.
were fractionated on a 1.3% agarose gel with
6.6% of formaldehyde and transferred to Western blot analysis. Parasitized red blood •
nitrocellulose filter. The hybridization was cells (10%- 15% parasitemia) were pelleted and
performed using the pfmdr2 probe (clone washed 3 times with Trager's buffer (60 mM
pf750) in 1% SDS/ 1 M NaC1/ 10% dextran NaCI; 60 mM KCI, 10 mM Dextrose, 10 mM
sulfate and 50% formamide at 42°C overnight. NaHCO 3, 1 mM NaH2PO4; pH 7.8). The

washed cells were suspended at the same buffer
Construction of the fusion protein. pfmdr2 to 25% hematocrit and PMSF was added to a S
sequences contained in the transmembrane final concentration of I mM. The red cells were
domain were prepared by PCR from W2 lysed by adding, while vortexing, one tenth
genomic DNA. The sense primer contained volume of a saponin-saline solution (0.165%
the sequence 5'-CGGGGATCCGATATAT- saponin and 0.85% NaCI in H20). The
GAATA FATCATAA-3' which introduces a resulting parasite pellet was washed 3 times
BamHl. The anti-sense primer contained the with cold Trager's buffer containing PMSF S
sequences 5'-ATGCAAGC7TTCATATC- and stored at -20'C.
TATCCTTTTGC-3' which introduces a Hin- The parasites proteins were solubilized in 50
dill site. After PCR, the 400-bp product was mM Tris-HCI pH 6.8 containing 2% SDS. The
digested with BamHI and HindIII.The frag- solubilized proteins were separated by 8%
ment was cloned into the BamHI-HindIII site SDS-PAGE [22]. Proteins were assayed by
of the pUR291 vector [26] and transformed bicinchonic acid (BCA) protein assay method 5
into Escherichia coli XLI-Blue strain (Strata- using BCA protein assay reagents (Pierce). The
gene). The constructions were sequenced (as separated proteins were electrophoretically
described above) to ensure that the correct transferred to a Immobilon-P membrane
reading frame was maintained. The fusion (Millipore) and incubated in PBS containing
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0,3% Tween-20 and non-fat milk. The rabbit cycles of 94°C x 1 min, 50'C x 3 min, and
antiserum against the pfmdr2 fusion protein 72°C x 5 min. The PCR products were
and its pre-immune serum were incubated at purified from 1% low-melting agarose in I x S
dilution 1/200, with the membranes in the same TAE. The probes for the pfmndrl gene and for
buffer. The bound antibodies were detected by the circumsporozoite protein (CSP) gene were
gold conjugated goat anti-rabbit IgG (BIOR- described elsewhere [21, 28]. The DNA frag-
AD), which was developed by a gold enhance- ments were radiolabeled using random oligo-
ment kit (BIORAD). nucleotide priming technique [201.

Immunofluorescence. Parasitized erythrocytes
were washed twice with PBS, pH 7.3 and used Results
for preparation of thin blood films by
cytocentrifugation. After air drying, the slides The pfmdr2 gene is present and stage-specifi-
were fixed in acetone at - 20'C for 20 min and cally expressed in both resistant and sensitive
stored at - 70'C until use. The slides with the parasites. Several different parasite strains S
parasites were reacted with total rabbit anti- were analyzed for the presence of the pfmdr2
pfmdr2 sera or preimmune sera at dilution 1/50 gene sequence (Fig. 1). Southern analysis
in PBS for 60 min at room temperature, demonstrated that in all the strains examined
washed with PBS, and incubated with FITC- regardless of the sensitivity to various anti-
conjugated anti rabbit IgG antibodies. The malarial drugs, the pfmdr2 gene was present as
slides were washed with PBS and mounted in a single copy gene with no change in gene copy S
90% glycerol in PBS containing p-phenylnele- number. The expression of the pfmdr2 gene
diamine. Photographs were performed under was examined by Northern analysis. Analysis
UV or transmitted illumination at x 1000 of total mRNA isolated from asynchronous
magnification with Fuji color 400 film (Fuji) parasite cultures demonstrated the presence of
and by a confocal microscope (Noram Instru-
ments) at x 1000 or x 4000 electronic magni-
fication using a digital color printer (Cannon Z
Co.).

Probes. The hybridizations were performed
using different pfmdr2 probes: The 0.75-kb Kb
fragment generated by Inverse PCR (clone .
pf750), which corresponds to the ATP-binding 9A

site region, a fragment generated by polymer- _
ase chain reaction (PCR) using the primers 403 _--pfmdr2
5'-TCAAATTACGAGTATTTAAGATCC-3' L,3-
(sense) and 5'-TICAATATAACTAAGATA- 2.0
CCG-3' (antisense), (nucleotides 10-321) and 1- csp

another fragment using the primers 5'-GTT- 1.0-
GGTGATAAAGGAGTC-3' (sense) and 5'-A-
AGTATGACATCAI'TATITIGCT-3' (anti-
sense) (nucleotides 2308-2839). The PCR was
carried with the following conditions: 100 ng of
W2 genomic DNA as template, 30 pmol of Fig. 1. Quantitative Southern analysis of the pfmdr2 gene

each pnmer, 0.5 U of Taq polymerase (Cetus), from different isolates of P. falciparwn. Shown is a
70 mM 1'ris-HCI pH.8, 20 mM NH 2 SO 4 , I representative autoradiogram of a Southern blot of

genomic DNA (I pg/lane). The blot was simultaneously
MM MgC12 , I mM DTT, 100/•g ml-1 BSA, probed with a pfmdr2 probe (nucleotides: 10-327) and a

0.1% Triton X-100 in a 100 #1 reaction for 30 probe for the CSP gene [28).
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1 2 3 HB3 W2 HB3 W2

R T R T R T R T

kb

7.49-9.47 7.46•.• •
7.47
4.40 - :• .••

2.37

1.35-

0.62 a b

kb Fig. 3. Analysis -of the pfmdr2 RNA expression in
synchronized parasites. W2 and HB3 parasites were
synchronized with 5% sorbitol and RNA was purified

Fig. 2. Oligo analysis of the pfmndr2 transcript. Poly(A) from the ring stage (R) and trophozoite stage (T) as
RNA was purified using an oligo column. Total described in Materials and Methods. The blot was probed
unfractionated W2 RNA (lane 1). oligo(dt)-unbound with a pfmdr2 probe (clone pf750) (a). The pfimdl probe
fraction (lane 2), or oligo bound fraction (lane 3) were (PCR generated fragment; nucleotides 510-1480 of the
resolved on a 1.3% agarose gel in 6.6% formaldehyde. pfmdrl coding region) was used as a parasite stage-specific
The nucleic acid was transferred to nitrocellulose paper, control, which identified one transcript (8.5 kb) in rings
and hybridization was performed with a pfmdr2 probe and two transcripts (8.5 and 7.5 kb) in trophozoites [21]
(clone pf750: see Materials and Methods). The arrow (b). There is hybridization to a band >8.5 kb which is
indicates the pfmdr2 transcript. The unbound fraction DNA.

contains DNA.

a single 5.2-kb mRNA with homology to the Sequence of the pfmdr2 gene demonstrates a
pfmdr2 gene. This mRNA is polyadenylated as unique structure. The complete characteriza-
demonstrated by its binding to oligo(dT) (Fig. tion of the pfmdr2 gene was accomplished by a
2). No correlation between the expression of combination of inverse PCR cloning and
the pfmdr2 gene and drug resistance could be analysis of overlapping DNA fragments
found in several of the drug-resistant and drug- cloned in A phage. Analysis of the sequence
sensitive P. falciparum strains analyzed. This is remitted in the identification of a single open
in contrast to the correlation of high expres- reading frame of 2841 nucleotides (see Fig. 4)
sion of the pfmdrl mRNA and mefloquine with a predicted translation of 947 amino
resistance (211. It is interesting to note that the acids. DNA from two different parasite
pfmdr2 mRNA is significantly smaller than strains, W2 and HB3, was sequenced and the
those mRNAs associated with the pfmdrl gene nucleotide sequence is identical within the
[21]. When mRNA from synchronized para- coding region. The pfmdr2 amino acid se-
sites was examined by Northern analysis, we quence was further analyzed for the presence
discovered that the pfmdr2 mRNA was stage- of potential transmembrane domain using the
specifically expressed at the trophozoite stage algorithm of Eisenberg et al. [19], which can
(Fig. 3). There was no mRNA detectable in distinguish membrane-spanning region from S
ring stage parasites. This is in contrast to hydrophobic core of globular protein. This
pfmdrl which is expressed at both the ring and analysis has predicted the presence of 10
trophozoite stages, but with different sized transmembrane domains in the hydrophobic
mRNAs (Fig. 3 and ref. 21). portion of the sequence and a single hydro-
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Fig. 4. Nucleotide sequence and the putative amino acid sequence of the pfmdr2 gene. Nucleotides are numbered positively in
the 5'-to-3' direction, starting with residue I of the first in-frame ATG codon and ending with the last residue of the insert
corresponding to the EcoRl cloning site of the clone AC . Nucleotides in the 5'untranslated region are numbered negatively
beginning immediately 5' to the first in-frame ATG codon and terminating at the first residue downstream at the EcoRl
cloning site from the done ANICI. The deduced amino acid sequence of the pfmdr2 protein is shown immediately below the
nucleotide sequence and numbered at the left side of the sequence. The star indicates the position of the termination codon at
the beginning of the 3' untranslated region. The shaded areas represent the nucleotide binding regions. The underlined
regions correspond to the transmnembrane domains as predicted by the method of Eisenberg et al. [191. The potential N-

linked glycosylation site Asn-X-Ser is in the amino acid residue 138.

philic: domain. mains of the pfmdr2 predicted protein with the
available Geneank sequences identified of a

Sequence comparison. A search of protein protein hint) encoded by the fission yeast
sequence data banks with the pfmdr2 amino Schizosaccharomyces pombe [81 which has a
acid sequence indicated that a carboxyl significant homology with the pfmdr2 pre-
terminal segment containing the ATP-binding dicted protein. A pairwise alignment of the
cassette displays sequence similarity with mdr- pfmdr2 (947 aa residues) and hmtl (837 aa
like proteins. In almost all cases, the amino residues) has .indicated that approximately
acid sequence identity of these proteins with 33% of all residues of hmt] can be matched
pfind&2 is confined to a 250 amino acid region with identical residues of pfmdr2 and another'
surrounding the putative ATP binding site. 28% match with functionally similar residues.
The P-glycoproteins encoded by the human T~he secondary structure of both proteins was
mdr3 [291, human indri [30] and mouse mdr2 similar based on the 10 predicted transmem-
[31] genes exhibit the highest level of sequence brane segments [19] and the predicted single
homology in that region with the pfindr2. A ATP binding site (Fig. 6). hint) is involved in
comparison of the membrane spanning do- heavy metal tolerance in yeast 18]. By sequence
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Fig. 5. Sequence comparison of the predicted pfmdr2 protein and the yeast hmilt protein. The deduced amino acid sequence
of-the pfindr2 protein was aligned with the predicted yeast hint) protein which participates in the transport of heavy metals.
Dashes indicate gaps introduced in the sequence to produced optimum alignment. The bars (I) indicate identical residues and
colons (:) indicate similar residues between the two proteins. The gray boxes in each sequence correspond to the putative
transmembrane domains predicted by the algorithm of Eisenberg et al. [19). Each sequence is numbered to the right of each

lane starting at the first deduced Met residue.

and structure homology, these two protein can and Methods). The total rabbit anti-pfmdr2
possibly share a role in heavy metal disintox- sera were used to identify and localize the
ication in the cell, protein by immunoblots and immunofluores-

cence (Fig. 7). The inununoblot analysis of P.
Identification of the pfmdr2 protein. The falciparum W2 strain showed that the immune
pfmdr2 protein was identified with antibodies sera recognize a specific band of 110 kDa, that
raised to a fragment of the pfmdr2 gene was not found when probed with the pre-

*product expressed in E. co/i. This construct immune sera. This is in agreement with the
produced a fusion protein which was purified molecular weight that was predicted from the
and used to immunize rabbits (see Materials nucleotide sequence of pfmdr2.

wim P 4 0 OOM

WTI

Fig. 6. Schematic representation of the pfmtk2 and hint) gene products. The gray box corresponds to the ATP-binding;
cassette at the carboxyl terminal region of the two proteins. The black boxes correspond to region of the putative
hydrophobic membrane spanning domains of each protein, predicted by the algorithm of Eisenberg et al. [19]. Ten
tranamembrane domains were predicted for both pfmndr2 and hnti) proteins. The longest ORF predicted 947 amino acids for

the pfmdr2 protein and 330 amino acids for the hmti) protein 181.
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cadmium resistance and is hypothesized to
1 2 transport cadmium containing complexes. The

predicted structure of the hmt) gene is similar
to that of pfnudr2, namely 10 transmembrane
domains and a single ATP binding site. We
have further characterized the pfmdr2 gene
expression by northern analysis and discovered
that it is expressed in a stage-specific manne,

116,000 - only at the trophozoite stage and not in ring
stages. We have prepared a rabbit antibody to
a recombinant fusion protein expressing a

80,000 portion of the pfmidr2 coding region. In IFA
analysis by fluorescence microscopy, this anti-
body stains trophozoites and not ring stages

49,500 and the antibody staining appears to have a S
vacuolar localization. Western analysis reveals
a protein of approximately I10 kDa which is
consistent with the size of the predicted open
reading frame based on DNA sequence

Fig. 7. Anti-pfmdr2 antiserum identifies a single band of analysis. Based on this analysis and previous
110 kD (arrow) on western blot. Protein from W2mef work, there is no evidence for a change in the S
saponin-lysed parasites (1.2 mg/lane) was separated in 8% pfmdr2 expression or gene copy in drug-
SDS-PAGE and transferred by electroelution to nitrocel-
lulose. The filters were reacted with: (1) its pre-immune resistant versus drug-sensitive parasites. How-
serum at dilutions of 1:200, and (2) a rabbit polyclonal ever, based the similarity with the hmtl gene of
antiserum against a pfmdr2 fusion protein (see Materials yeast, we plan to investigate the role of this
and Methods) and visualized with a second goat anti-
rabbit lgG antibody linked to gold as described in gene in heavy metal resistance in the parasite.

Materials and Methods. A major question which remains is the role S
of this gene and its encoded protein in the

Asynchronous cultures of the HB3, W2 and normal parasite life cycle. The gene is
W2mef strains were fixed to glass slides and expressed in a stage-specific manner in the
examine by indirect immunofluorescence. The erythrocytic portion of the life cycle. No
staining was limited to trophozoite and late information is available on its expression in
stage parasites; no reaction with ring stage the insect stages of the life cycle or in the liver S
parasites was observed. The fluorescence and these remain as questions to be investi-
occurred in a punctate pattern inside the gated in the future. One possible role for
parasite and was similar in the 3 strains pfmdr2 is in the transport of parasite specific
analyzed. No reaction was found with unin- molecules. Alternatively, the pfmdr2 gene
fected erythrocytes (Fig. 8). product may be involved in the export of

toxic compounds. 5
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I-ig. K. Indirect immunofluorescence of W2 infected erythrocytes with anti-pfindr2 fusion protein. The slides containing fixed
parasites were prepared from asynchronized W2 cultures as described in Materials and Methods. The cells were fixed with
acetone and reacted with a rabbit anti-pt ndr2 fusion protein (dilution I 50) followed by FITC-conjugated goat anti-rabbit
IgG. (A) Light Microscopy. The arrow indicates a ring stage parasite. The trophozoite forms of infected erythrocytes can be
identified by the hemozoin granules (dark crystals) within the digestive vacuole. (B) Fluorescent micrograph. The anti-

pjrndr2 antibody only reacted with the trophozoite stage.

p

0 0 0 0 0 0 0 0



92

3gfgg~~gg1I Triia, T.. Peterson. M.G. and Kemsp, D.J. (19M8) A
prooedure for in vitro amplifcation of DNA segments
diat he outside the boundaries of known sequences.

I Peters W. (11067) Dno masisanc and Clemnotherapy Nucleic Adids Res. 16, 3186.
in Malaria London. 19 Eiseabarg D., Schwa, E., Komaromy, M. and Wall,

2 HiwaOs C.F., HydeK SC., Miarnark, M.M., Gilendi, R. (1964) Anhlysiu of membrane and surface protein
U.. Gill. D.L. and! Gaillaghier. MP. (199(1) Enadin; seqmueces with the hydrophobic moment plot. J. Mol.
protein-dependenit transport systems. J. Diosenerg. "4 179, 125-42.
Diomemb. 227, 571-591. 20 Feinberg, A.P. and Vogalhtein, B. (1984) A technique

3 Ames, G.F.-L (1966) Bacterial psriplanmhc transport for radiolaahming DNA restriction endonuclease frag-
systenicstructooe, modehenia, and evolution. Amnni. wmbat to high speci&i activity. Addendum. Anal.
Rev. Sioclsm. 55, 397-42Z. Siod*rn. 137.,266--267.

4 McGrath, i.P. and Vausha~vsky, A. (1989) The yam 21 Volkmsn, &K., Wilson, C.M. and Wirth, D.F. (1993)
STE6 gene encodes a homologue of the mammalian Stage-specific ftrascips of the PIkmsodiwm falcparum
resstance P 3booprotemn. Nature 340. 40-404. pVbrb) gen. Mol. Diodiem. Parasitol. 57, 203-212.

5 Ouellette, M., Faew, F.F. and Dorst, P. (1990) The 22 1Laemmoli, U.K., Seguin, F. and Gujer, K.G. (1970)
amplified H circle of mehtrxsevsitn Lekkawki Cleave of structural proteins during the assembly of the
ta~rntokie contaume a novel P-glycoprotean gene. EMDO head of bacteriopliage T4. Nature, 227. 68W-685.
J. 9. 1027-1033. 23 Wilson C.M., Volkmau S5K., Thaithong, S., Martin.

6 Trowsdale, J., Hanson, I., Mockridge, L., Deck, S., 3.K., Kyle, D.E., Milhious, W.K. and Wirth, D.F.
Townsend, A. a&d Kelly, A. (1990) Sequences encoded (1993) Amplitwation of pfiv&*I associated with me-
in the class 11 region of the MHC related to the 'ABC floeqtun and halofantrune in Plusiowdian falcapaiu.
superfamily of transporters. Nature 348, 741-744. Mol. miochem. Parauitol. 57.,151-160.

7 Felmlee, T., Pellett, S. and Welch, R.A. (1985) 24 1.ambros, C. and Vanderberg, J.P. (1979) Synchroniza-
Nucleotide sequencee of an EscherkhAw cob chronsoso- tion of pj4 nsoAlion faolqumm erythrocyte stages in
mal hemolysin. J. Dacteriol. 163, 944105. culture. J. Psriitol. 65, 418-20.

8 Ortiz, D.F., Kreppel, L., Speiser, D.M., Scheil, G., 25 lnselburg J. (1984) Induction and selection of drug
McDonald, G. and Ow, D.W. (1992) Heavy metal resistant mutants of Plasmdham falciparum. Mol.
tolerance in the fission yeas requires an ATP-binding Diocliem. Parasitol. 10, 899.
cassette-type vacuolar membrane transporter. EMDO J. 26 Ruther, U. and Muller-Hill, H.B. (1983) Easy identifi-
It. 3491-3499. cation of cDNA clones. EMBO J. 2. 1791-1794.

9 Riordan. 3.3, Rommens, J.M., Kerean, B., Aloa, N., 27 Southern, E.M. (1975) Detection of specific sequences
Rozmahel, R., Grzelczaak, A., Zielenski, J., Lok, S&, among DNA fragments separated by gel electrophor-
Plavsic, N., Chou, i.-L, Drumm, M.L., lannuzzi, M.C., esis. J. Mol. Diol. 96,5303-517.
Collins, F.S. and Tsui, L.-C. (1989) Identification of the 28 Dame 3.3., William, J.L., McCutchan, T.F., Weber,
cystic fibrosis Sew. cloning and characterization of J.L., Wirtz, R.A., Hockmeyer, W.L.. Maloy, W.L..
complementary DNA. Science 245, 10%6-1073. Haynes, J.D., Shevineider, I., Roberts, D.. Sanders.

10 Endicott, i.A. and Ling, V. (1969) The biochemistry of G.A.S.. Reddy, E.P., Diggs, L.L. and Miller, L.H.
P-glycoprotein-nsediated mulidrug resistance. Annu. (1984) Structure of the gene encoding the immunodo-
Rev. Biochem. 58, 137-171. minant surface antigen on the sporozoite of the human

11 Foote. S.J., Thompson, J.K., Cowman, A.F. and malaria parasite Plamsodium falcipurum. Science 225.
Kemp, D.J. (1989) Amplification of the multidrug- 593-599.
resistance gene in some chloroquine-resistant isolates of 29 Van der Dtiek, A.M., Banas, F., Ten Houte de Lange, T.,
Plasmodiwn falkopwun. Cell 57, 921-930. Kooimian. P.M., Van der Velde-Koerts, T. and Borst, P.

12 Wilson, C.M., Serrano, A.E, Wasley, A., Dogenaschutz, (1967) The human n%*3 gene encodes a novel P.
M.P., Shankar, A. and Wirth, D.F. (1989) Amplwia- glycoprotein homnologue and gives rise to alternatively
tion of a gene related to mammalian mdr genesin Drug- spliced mRNAs in liver. EMDO J. 6, 3325-333 1.
resistant Phniammmodhu fakoansit. Science 244, 1184W 30 Chen, C.-J., Chin, i.E., Veda. K., Clark, D.P., Pastan.
1186. 1., Gottesman, M.M. and Fouinson, I.B. (1986) Internal

13 Descoteaux, S., Ayala, P., Oroeco, E., Saniuebon, J. duplication and homology with bacterial transport
(1992) Primary sequences of two P..glycoprotein geNs proteins in the risk) (P-Slycoprotein) gene from multi-
of Entamotba histolydika. Mol. Deocheas. Paruastol. 54, resistant human oell. Cell 47, 371-380.
201-212. 31 Hsu, S.1-H., Lothstein, L. and Horwitz, S.D. (1989)

14 Dhasin, V.K. and Trager, W.(1984) Gameatocyte- Differential overexpression of three mdr gene family
forming and non-gametocyte forming dones of Ples- msnbers in multidrug-resistant J774.2 mouse cells. J.
modiun, fakipwa. Am. J. Trop. Med. Hyg. 33, 534- Diol. Client. 264, 12053-12062.
537. 32 Foote, S.J., Kyle, D.E.., Martin, R.K., Oduola, A.M.,

15 Oduola, A.M.J., Weatherly, N.F.. Dowdre, J.H., Forsyth, K., Kemp, D.J. and A.F. Cowman. (1990)
Desiardins, R.E. (1968) Pheasamv fidcl~was dlon- Several ald"e of the multidrug-resistance geme are
ing; by single-crytlirocyte micr nIplio and closely linked to ebloroquine resistance in Plasmodium
heterogeneity in vitro. Exp. Parasitol. 66, 8"-5. falcipanafi (see comments). Nature 345, 255-258.

16 Trager, W. and Jensen, 3.5 (1977) Cultivation of 33 Cowman, A.F., Karcz, S., Galatis, D. and Culvenor.
erythrocytic stages. Dull. WHO 55, 363-365. J.G.(1991) A P-glycoprotein homologue of Plasmodisum

17 Sanger, F., Nicklen, S. and Coulson A.R. (1977) DNA falojdarsn is localized on the digestive vacuole. J. Cell
sequencing with chain-terminating inhibitors. Proc. Diol 113,1033-1042.
Nati Aced. Soi USA 74, 563-5W7.



1IM3 Volumes 56412 (7 volumes in 14 issues, note th" voluvme we 20% larger than in 1902). Volume 56
appeared in 1992, but remains Ons 69s volumne of the 1903 subscription yea. Price DII. 3316 (US$1844). The Dutch
gulider price is deflnhive. T~he UIS dollar price as subject to exchange rate fluctuations and is orly given as a guide.
Subscuiptions ars accepted on a prepaild basis only, unless different terms haoe been previously agreed upon.
Subscription order can be entre only by coalnder year (Jen.-Oec.) and should be sent to Elsevier Science
Publishers, Journal Department, P.O. Box 211, 1000 AE Amsterdam. The Netherlands, telephone 31.20.5103642,
fax 31.20.5803596, or ID your usual subscription agent. Postage & handling charges include surface delivery except
10the lia ollWIng countries where or deliviery via SAL (Surface Air Lift) mail is ensured: Argentina, Australia, Brazil,
Canada, Hong Kong, Indis, Israel. Japan, Malaysia, Mexico. New Zealand. Pakistan. PIR China, Singapore, South
Korea, Taiwan, Thailand, USA. For all other countries airmail rates are available upon request. Claims for missin
imssus must be maide within sox months, of our publication (mailing) date, otherwise such claims cannot be honoured
free Of charge.
ANt questions arisng after acceptance of a manuscript by the editor, especially those relating to proofs,. publication
and reprnns, should be directed to the publishers, Elsevier Science Publishers B.V., P.O0 Box '1527, '1000 BSd
Amnstaerda, The Netherlands. In the USA and Canada: For further information, contact Elsevier Science Publishing
Co., Inc., Attn.: Journal Information Center, 655 Avenue of the Americas, New York, NY 10010, USA Tel. (212) 633-
3750; Telefax (212) 633-3990: Telex 420-643 AEP Ul.

Advertising orders and enquiries can be sent to: (1) Advertising Department, Elsevier Science Publishers, P.O.
Box 211, 1000 AE Amsterdam, The Netherlands, Tel. + 31-20-515 3220, Fax + 31-20-68 3041; (2) Great Brftan:
T.G. Scott & Son Ltd., Portland House, 21 Narborough Road, Cosby, Leicestershire, LE9 STA, Tel: 0533-753 333;
Fax: 0533-750 522, Attn. Tim Blake; (3) USA and Canada: Weston Media Associates, Daniel Lipner, P.O. Box
1 110, Greens Farms, CT 06436-1110, Tel. 203-261-2500; Fax 203-261-0101.

Ins~rmctons to authors can be found in the back pages of this issue.

0)11063 Elsevier Science Publighers S.V. AN algi reseevd Plikd in The Netherlands



vwme36kIM-186ScIENCE

A mplification of a Gene Rlatmd, to Mammaliain mdr
Genes in Drug-Resisant Plasmodium fakiparum

Cmn Ad Wuaiosi, ADULA K. "hn~ioAN5ZWM

mmmICLP. BONUHnAWMDA H.U SHAmKa ADuDrAF. #uzinm

Cqp~~k 0 i by due hmkam Am~cim for doe Mvincomm of Science

Vp lg!! i



Amplficaionof a Gene Reclated to am a anmdr based on the preferred codon usage for A
fiulapnwm (11).Genes in IDtug-kesiftant Plasmodium fakiparum These primers were incubated with DNA
extracted from the W2 strain of P. #kipwmau

CRAIG M. WILSON, ADELFA E. SusaxAo, ANNEMARIE WASLEY, udrconditions of the polymcrase chain
MICHAEL P. B0GENSCHuTz, ANuUAJ H. SHANKAIa&, DYANN F. WijtT* reaction (12). Only those reactions that con-

tainedi primers, enzyme, and A fidcspam-
Mwe malwa purselw Pfwmmddafakiparm conambin at least two genes related to the template DNA showed the presence of an
minimahm nuskiple drug resitaince Sames, and at least one ofthe PRfakipwmus Scum amnplified sequence. The mdr gene primers
is ezpresed at a highe leve and is pmeent in bigher copy number in a strain dhat is did not amplify a sequence in human DNA.

rei tano multiple drogs tha n a @strin that is sensitive to the drugs. Thus is the predicted result, because human
codon usage is different from that of the

u mm "umA IS WIDESPREA model by using sequences that are conserved paasite, and the sequences chosen as prim-H i tigiutthe trpia world and in the mammalian P-glycoprotcins and sev- ers would ntsa be able to prime the human
iamaor human health problem eral bacterial transport proteins (9, 10) to sequence. In using the mdr primers, there

in both morbidity and mortality. Infection identify putative mdr-like genes in P. falci- was an additional amplified band approxi-
with drug-resistant strains of Pfasmodiumfil- panuu. Two primers based on conserved miately 600 bp long and some other minor
apovmn is an evolving public health problem protein sequenices shared in the mouse mdr, bands ranging in size fromn 300 to 1000 bp.
in nearly Al endemic areas (1). Parasites human indr, and the bacterial hemrolysin The two major bands, approximately 450
resistant to high levels of chioroquine have B(HlyB) proteins (9, 10) were synthesized. and 600 bp in length, were used for fur-ther
necessitated the use of less effective and The sense primer was based on a nine- analysis. Thec identity of the other bands
more expensive antimalarial drugs, but the amino acid homology found in position remains to be determined.
parasites are becoming resistant to these 1066-1075 of the murine mdr gene, and The sequence of the 600-bp (Pfindrl)
other antimalarial drugs also. Neither the the antiisense primer was based on a seven- and 450-bp (Pfindr2) fragmenrts and the
mechanism of action of the aminoquinolines; amino acid homology found in position predicted amino aci sequences were coin-
nor the mechanism of resistance to these 1198-120.4 (10). The codon usage was pared with the sequence of murine mdr gene
compounds is completely understood (2).
Resistance of P. fihlcpammn to chiorouinc is
associated with increased drug effiux (3), Pfd UMNILVKNW 0
and this effiux can be reversed by verapamil inri 600VDRT
and other compounds (4). Resistance to midrlb -MR

me-floquinec can be reversed by penfluridol Pfsdr2 Wk--a-Tiroim "Iuux2ux-------------450
(5).

The finding that drug effhix and drug rfaezi. 37SUQEGAa=1TmIUNm ULWza ntCDT4 LRNL 600
resistance can be reversed by verapamil is_1 9

similar to findings in studies of drug resist------- ------------------------- ~u-
ance in mammalian tumor cells (6). The ?~~---------------R-uZP,~~5 5
mechanism of resistance in tumor cells has fd2----- --------- -- * -N1 PW45

been defined as increased drug effliux that is
mediated by increased expression of the P- ~ 600
glycoprorein (7). This drug effiux can be = 1
inhibited by simultaneous administration Of 450:L

verapamil and related compounds (8). The PA&.I rt-1 5

sequence similarity of P-glycoprotein to
bacterial transport proteins has led to the Pfft 600
model that the P-glycoprorein is an adeno- idria
sine triphosphate (ATP)-dependenri C&E mdrib 450
pump responsible for decreasing drug accu- Vfmir
mulation in resistant cells (8). The P-glyco- po 1. Id )f matr -like genes in Inm~m~ pwwne. Comparison of the deduced amino acid

prti is encoded by the multiple drug sequence of Pfindrl and Pfir2 to the deduced amino acid sequence of murine mndr gene (9); mdrla
resistance gene (mdr gene), which is ampli- Iepesn residues amino acids 425 to 562 and mdrlb represents residues 1068 to 1207 (9). The boxed
fled either at the DNA level or RNA expres- (Pfnu)'and dshded (Pfmndr2) areas indicate sequence identity between the P. Jalcpaniu genes and at

sionlevl inrumr lnes esitan to ultple least: one of the two halves of the murine mdr gene. The selection of primers is discussed in the text. Thesio lvelintuw lne rsisan t mutile two oliondetides synhesized (Bioiseardi 8750) with degeneracies in paretheses are (5' to 3') for
drugs. sense, strands, Gr(A )GG(AT)-(CA)G(1,A)-TC(TA)-GG(TA)-GG(rA)-AAA-TC(ITA)-AC (de-

T'hus one mechanism of drug resistance in gree of dnry,256), and for the antisense strand, ATC-TAA-(TA)GC-(TA)GA-(TA)Gr-
P. faip&vie may be similar to multidrug (TAG-a.AT (degree of degeneracy, 16). Two additional primers containing sythetic Eon KI

in mamalin cclsý nmelythe (anisec) and Hind II (antisense) restriction site were used in the cloning of the Pidlgn. The total
medi ofpolmnere chain reaction was extracted with phecnol-diloroform and cither cloned directly (Pflindr2) ormeito fdrug emuxa by an ATP..dpen..- e restriction digestion (Pflndrl) into the pBhmescnri vector at aprpit retito sites (Eco RV

dent effux pump (3, 4). We tested this for P&2&d2 and Eec IL-Hind Hm for Pfindri). Trnfrnns containing the putative mdr genes were
selected by hybridization with rAdiolabeled polymeras chain reaction products, which were extracted

______________________ fines low melt agarose gl.Plasnaids containing putative mdr genes were sequenced by usbig a
D, = = o H-b "-- modiludo of theddeznde chain termination method with Sequenase enzyme (16). The &ut

MArset 0eq11cs o three independent clones for each gene. Genflank accession number
dT~hk~ahb~i'~.i, MA011.=:ý wa;=ieseuncso Pfindrl (600 bp) and Pfmdr2 (450 bp) are M2485 and M24851,

ro iws anupmlecedined be adgkeued.- resplectively.

H14. SCIENCE, VOL 2+4

. . ..............



-- rG P r-Ribo --I r- 600 -- r- 450 -1 r-CSP -- FOO. 4. Chromosote analy- *2 W2mef
SI I of Pfndr. Agaros

C4 C'4 44 C4locks containing P. fiaki-
C4: panan-infec-tcdecrythroctcs

were prepared by standard
techniques (18, 19). Separa-

kb "IAtion of chromosomes was9.5. 4 done at 150 mA (constant
&45 current), for 48 hours with
44- " 43 - .2-min pulse interval at 16*C

24- "in a Beckman Gencline sVs-

'.3- temn. DNA was transferred
to •trocellulose mem-

,20- braac., and hybridization
was performed according to

0.3 - the manufacturer's instruc-
tions. Chromosome 5 was
confirmed by hybridization 600
of parallel lanes with a
known chromosome mark-
er, MESA antigen (18).

S3.DNA hybridization analysis of Pfmdrl
and Pfmdr2. DNA was extracted from strains
W2, W2 mef, and 7901. Eco RIl-digested DNA 7901 but at significantly reduced levels. This

Fig. 2. RNA hybridization analysis with Pfmdrl. (1 $g) from each strain was resolved in triplicate result indicates that the Pfmdrl gene is
R.NA was extracted from W2, W2 mef, and 7901. on a 1% agarose gel and transferred to nitrocellu- expressed in both drug-sensitive and drug-
The median inhibitory concentrations to chloro- lose membranes. Hybridization was performed as
quine are 40 to 60 ng/ml for W2, 20 to 30 ng/ml in Fig. 4. Three probes were used: Pfimdrl (600 resistant parasites.
for W2 mef, and 3 to 5 ng/ml for 7901; and to fragment), Pfmndr2 (450 fragment), and the CSP In many of the mammalian tumor lines
mefloquineare2to3ng/mlforW2,8to9ng/ml gene (15). Autoradiogranis of the DNA blots expressing high levels of mdr mRNA, there
for W2 mef, and 1 to 3 ng/ml for 7901. Cultivat- after hybridization are shown. Quantitative densi- is also an amplification of the corresponding
ed parasites were washed and resuspended in tormtry was performed with a densitometer and mdr gene. In DNA analysis with the same
RPMI supplemented with 30% human plasma. the data are expressed as a ratio of the 450 or 600
This suspension was layered onto a 75% to 76% hybridizing bands to the band hybridizing to the strains as used above, the W2 mef clone
Percoli gradient and centrifuged at 1200g for 30 CSP probe. For the 450 fragment these values are showed a two- to fourfold increase in the
min. The middle layers of concentrated parasi- 1.31 for W2, 1.47 for W2 mef, and 1.37 for copy number of the Pfindrl gene when
tized red blood cells were washed twice in RPMI 7901; for the 600 fragment the values are 0.62 for compared to its parent clone W2 and the
and suspended in a lysis buffer (50 mM Hepes, 2 W2, 2.28 for W2 mef, and 0.92 for 7901. 7901 strain (Fig. 3). There was no differ-
mM EDTA, and 100 mM NaCI). Sarcosyl (10%)
was added to a final concentration of 1% followed ence in the DNA copy number of Pfmdr2
by vigorous mixing. The aqueous phase was (450 fragment) among the strains tested.
repeatedly extracted with an equal volume of mdr genes in human multidrug-resistant tu- Two other sensitive strains, 3D7 and Hon-
phenol-dhloroform-isoamyl alcohol (25:24:1) mor cells, the model predicts that the gene duras, have a single copy of Pfmndrl. Quan-
until there was no interface material. The nucleic
acid was precipitated with ethanol after the addi- would be expressed at a higher level in drug- titative densitometry analysis was performed
tion of sodium acetate (pH 5.2) to 0.3M. Equal resistant cells than in drug-sensitive cells, with the single-copy circumsporozoite gene
amounts of total nucleic acid (10 Ag) were re- For this analysis, we used the cloned W2 (CSP) as an internal standard (15).
solved in triplicate on a 1.3% agarose gel in and W2 mef lines of P. falciparum. W2 mef The 600-bp Pfmdrl sequence was also
0.66M formaldehyde. The R.NA was transferred
to nitrocellulose membranes, and hybridization was derived from W2 by stepwise selection mapped by the pulsed-field gel technique
was performed with three different probe mole- in increasing concentrations of mefloquine (Fig. 4). In this case, two cloned parasites
cules, Pfmndrl, the glycophorin binding protein (14). RNA analysis reveals that in the W2 were compared, W2 and W2 mef. In W2,
(GBP) cDNA (17), and an rDNA probe. Autora- mef clone there is a significantly increased the 600-bp fragment maps to chromosome
diograms of the RNA blots are shown after expression of an RNA molecule which hv- 5, whereas in the W2 mef strain it maps to a
hybridization. bridizes to Pfmdrl (600 fragment) (Fig. 2). region containing several of the larger chro-

Equivalent amounts of RNA were analyzed mosomes of P. falciparum. Hybridization
(Fig. 1). The highlighted (boxed or shaded) from the W2, W2 mef, and 7901 strains, as with a probe specific for another chromo-
regions indicate identical amino acids be- demonstrated by the hybridization with some 5 marker (MESA antigen) indicated
tween the mouse mdrl protein and Pfmdrl probes specific for ribosomal RNA and the that chromosome 5 has increased in size, as
(59% identity) or Pfmndr2 (58% identity). cloned glycophorin-binding protein cDNA. expected with an internal amplification of
The Pfmndrl fragment contains an additional The Pfmdrl transcript is longer than the the Pfindrl gene. In addition, as with the
45 amino acids not in the mouse mdrl gene glycophorin-binding protein transcript, Southern blot, there is increased hybridiza-
or Pfmdr2. Pfmdrl and Pfmdr2 are similar which encodes a protein of 130 kD. This tion intensity in the W2 mef strain, again in
to each other (59% identity) at the amino result is consistent with the Pfmidrl gene agreement with this sequence being ampli-
acid level, but have little similarity at the encoding a protein of 150 to 170 kD. The fled.
nudeotide level. In the mammalian systems, use of RNA markers indicates that the size The conclusion from these experiments is
there are also multiple mdr genes (three in of the transcript is between 7 and 8 kb, that P. falciparum contains at least two genes
rodents and two in humans) that are mem- which is larger than the 5-kb transcript of that are similar in sequence to the mammali-
bets of a closely related family (13), whereas most mammalian mdr genes. The larger size an mdr genes and that at least one of these
in the P. falcipamm system at least two of the transcript may be due to larger 5' and genes is expressed at a higher level and is
different genes code for similar proteins. 3' untranslated regions in the P. falciparum present in higher copy number in one P.

If the mechanism of these putative mdr mRNA. Longer exposure showed that the falciparum strain that is resistant to multiple
genes in P. falciparum is similar to that of Pfmndrl mRNA is also present in W2 and drugs. These data are consistent with the
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ABSTRACT The goal of this work Is to devel•p method the expression of this gene were available for developing a
for the fetsecemd amalysis of mdal gmusn the meethed of transfection vector (6).
DNA trammdcdo. We hove developed a traniemt troadectl
vector by comsctilg a chhierlc gase in which the rely MATERIALS AND METHODS
luciferme gen was imred In trame ito the codlg region of
the pgs28 geme of Pfkamda guliimceam. Mil piemuis DNA Pimmid Contruction. The pgs28 plasrnid was previously
was ltroduced late P. gaffnceum gametes and fertased described and the sequence is available in GenBank (acces-
zygotes by electroporalon, and lciferse expresslom was wa- sion no. M96886) (6). For these experiments, the pgs28
sayed after 24 hr. ThMi report of succeutuil introduction aid plasmid was digested with Pst I and Sma I to remove a small
expresslon of a foreign geme in a malaria parasite desmentrates segment of the polylinker containing a BamHI site, incubated
the feasbility of this approach to developing methods for the with the Klenow fragment of DNA polymerase I under
fnctieoal amalysis of parasite games, conditions to produce a blunt end at the Pst I site, and

religated to create the pgs28.1 plasmid, which has a unique
Malaria remains a major threat to world health. Efforts to BamHl site in the coding region of the pgs28 protein. The
control the disease have focused on chemotherapy, mosquito luciferase coding region (7) was obtained by PCR amplifica-
control, and, most recently, vaccine development. These tion of the pGem-luc (Promega) plasmid with primers [RI,
efforts have been hampered by the emergence and spread of 5'-GCGGATCCAGAAGACGCCAAAAACATAAAG-3' (5'
drug-resistant parasites, the breakdown of malaria control end of gene), and R2, 5'-GCGGATCCAATTTGGACTTTC-
programs due to both insecticide-resistant mosquitoes and CGCCCTT-3'Y containing synthetic BamHl sites. The Barn-
upheavals in spraying programs, and the complicated prob- HI-digested PCR product was incubated with BamHl-
lems of vaccine development and testing. The world faces an digested pgs28.1 under conditions for ligation. The resulting
increasing threat of malaria in the 1990s, with few new tools plasmid, pgs28.1LUC (Fig. 1), contains the firefly luciferase
to combat the parasite or the disease (1). coding region inserted in frame with the pgs28 coding se-

One of the underlying problems in developing newer quence. This structure was confirmed by restriction analysis,
methods of control is that the basic biology of the parasite has PCR analysis with primers 69a (5'-GGAAGCTTAACAGC-
not been fully investigated, primarily because of the lack of TATGACCATGATTAC-3') and R2, and DNA sequence
a method for functional analysis of genes and their products. analysis. Plasmid pgs28.ILUCR was obtained by digestion of
The goal of the work presented here is to develop a method pgs28.1LUC with BamHI and religation. The structure was
for the functional analysis of genes that uses the method of confirmed by restriction digestion and PCR analysis as
DNA transfection. This type of method is a critical next step above. The pgs28.1GALR plasmid was obtained by a similar
in the functional analysis of parasite genes and is required for approach. The P-galactosidase coding region was purified
a detailed analysis of the control of expression of parasite from the pJ3-P-gal plasmid (gift of C. Cepko, Harvard Uni-
genes. Such methods have been critical in dissecting the versity) after BamHl digestion. The BamHI-digested product
mechanisms of bacterial pathogenesis and, more recently, in was incubated with BamHil-digested pgs28.1 under condi-
the development of vaccines for several important bacterial tions for ligation and the resulting plasmid, pgs28.1GALR,
pathogens. has the P-galactosidase gene inserted in the inverse orienta-

The malaria parasite presents a unique challenge for trans- tion relative to the pgs28 coding region.
fection because it is intracellular for most of its life cycle. Electroporatlo. White Leghorn chickens (3-5 weeks old)
Introduced DNA must cross multiple membrane barriers were inoculated with 0.1 ml of P. gallinaceum-infected blood
before reaching the parasite nucleus. Because these multiple and the parasitemia was followed daily. Blood was with-
barriers would be likely to reduce the efficiency of introduc- drawn (parasitemia 60-80%), and exflagellation and purifi-
ing DNA into the parasite, we chose a parasite stage which cation of fertilized zygotes and gametes were as previously
is extracellular, the female gamete and fertilized zygote. described (2-5, 8, 9). The zygote/gamete fraction (1-2 x 10'
Methods had previously been developed for the purification cells) was resuspended in Cytomix (10) and incubated in the
of gametes and fertilized zygotes of the avian malaria Plas- presence or absence of plasmid DNA with or without elec-
modium gallinaceum (2-5). Further, several genes of P. troporation. Unless otherwise indicated, all electroporations
gailinaceum have been identified which are expressed at high were performed under conditions of 2500 V/cm, 25 1&F, with
level in the gamete/zygote stages of the parasite and one of a time constant of 0.4. The cells were then washed and
these, pgs28, had been cloned with enough flanking DNA to resuspended in ookinete maturation medium and incubated
assume that the necessary 5' and 3' controlling elements for for 24 hr (11).

Lmdferase Activity. The parasites were examined micro-
The publication cass of this article were defrayed in part by pasechae scopically after 24 hr, pelleted, and suspended in luciferase
payment. This article must therefore be hereby marked "advertiaement'"
in accordance with 18 U.S.C. 11734 solely to indicate this fact. ITo whom reprint requests should be addressed.
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7 kb OW Al Table 1. Expressio of firefly luciferase in P. galUimceum

CCUl no. Plaslmid T;;11;rase
I ki Exp. x 1O-7 Electroporati* (100 pAg) ku Wits

1 2 + pp28.1LUC 154.7
2 + Nowe 15.6

6 k 2 2.5 + pps2.1LUC 447.3
2.5 - pp28.1LUC 7.9

Sac i 3 1.3 + pg28.1LUC 179.22 U1.3 + ps2.IGALR 8.2

S•nIh 1 1.3 + None 8.8
S__ 4 1.1 + pp2g.1LUC 707.3

1.1 + pp2g.1LUCR 8.5
Spgo a. e1 5 1 1500 V/cm pgs2,.1LUC 86.3

1 2500 V/cm pgs28.1LUC 340.5
1 3000 V/cm pp2S.1LUC 21.5

6 0.75 + pp2U.ILUC 746.50.75 + pGEM-LUC 8.9
FiG. 1. Map of pgs28.1LUC. Amp, ampicilfin-resistance gene; *At 2500 V/cm, 25 1&F unless otherwise noted.

luc. luciferase gene; a.a., amino acid.
coding region and flanking DNA was cloned into pUC13 and

lysis buffer [25 mM Tris, pH 7.8 with H3`4/2 mM 1,2- used for further development of the transient-transfection
cyclohexanediaminetetraacetic acid/2 niM dithiothreitol/ vector (6). DNA sequence analysis had identified a unique
10% (vol/vol) glycerol/1% (vol/vol) Triton X-1001. In each BamHI site in the codons for amino acids 61 and 62 of pps
experiment, an aliquot of the ookinete L-aturation medium protein (6). Primers were prepared which allowed for the
was analyzed for sterility hy plating in rich bacterial medium. insertion of the firefly luciferase gene in frame at this position
No contamination was observed in any experiment. In each (plasmid pgs28.ILUC, see Fig. 1). Analysis of the resulting
case, a standard curve was obtained at the same time for plasmid by PCR, restriction digestion, and sequence analysis
firefly luciferase (Sigma catalogue no. L5256, 18.9 x 106 light has confirmed the in-frame insertion of the luciferase gene. A
units/mg of protein) using the same substrate. The luciferase second plasmid (pgs2.1LUCR), in which the luciferase gene
assay was performed with a luciferase assay kit (Promep, was inserted in the inverse orientation, was used as a negative
no. E1500) according to the manufacturer's instructions control. A third plasmid (pgs2l.1GALR), containing the
[substrates were 270 i&M coenzyme A (lithium salt), 470 jM bacterial O-galactosidase gene, was also used as a neptive
luciferin, and 530 j&M ATP in 20 mM Tricine/1.07 'M control.
(MgCO3)4Mg(OH)2/2.67 mM MgSO4/0.1 mM EDTA/33.3 All of the plasmids used for electroporation were purified by
mM dithiothreitol, final pH 7.81. The results presented are in CsC! gradient centrifugation. Gametes/zygotes (2 x 107 cells)
light units measured with an LKB BioOrbit 1251 luminom- were electroporated in the presence of 100 pg of plasmid
eter. The amount of luciferase activity in each assay was pgs28.1LUC. In control experiments, the same number of
calculated by using the standard curve which was assayed parasites were incubated in the presence of plasmid DNA
simultaneously. Each assay represents 10 pW1 of a 50-;d without electroporation, electroporated in the absence of
reaction mixture. For several experiments, an additional exogenous DNA, or electroporated in the presence of control
aliquot of each reaction mixture was assayed on a Lumat plasmids (pgs28.1LUCR, pgs28.1GALR, pGEM-Iuc). The
Berthold LB9501 luminometer. cells were washed and suspended in maturation medium. The

cells were harvested after 24 hr and assayed for luciferase

RESULTS AND DISCUSSION activity (Table 1). Luciferase activity was detected only in
lysates of those parasites which had been electroporated in the

Two lines of experimentation were pursued simultaneously: presence of pgs28.1LUC. The amount of luciferase activity
the development of a system for the introduction of DNA into was dependent on electroporation conditions. No activity was
the gametes and zygotes and the construction of a transient detected in parasites incubated with that plasmid without
expression vector which could be used to assay for expres- electroporation or in parasites which had been electroporated
sion of introduced DNA. Chickens were infected with P. with any ofthe control plasmids. In all experiments, analiquot
gallinaceum, infected blood was withdrawn and allowed to of each tube was assayed for sterility and no bacterial or fungal
undergo gametogenesis, and the gametes and fertilized zy- contamination was detected.
gotes were harvested and purified. These parasites were then These results demonstrate transient expression of a reporter
suspended either in "suspended animation" (SA) buffer (10 gene in the malaria parasite. The method constitutes the first
mM Tris/170 mM NaCI/10 mM glucose, pH 7.4) or in step in the development of a transfection system. Clearly, the
Cytomix and subjected to electroporation under various next step will be development of stable transfectants by using
conditions. The parasites were washed and incubated in a selectable marker. Further, because the pgs28 gene is
ookinete development medium (11) for 24-48 hr. Ookinete expressed only in sexual stages, modification of the flanking
development was then assayed by microscopic examination, sequences to remove stage-specific controlling elements or
Ookinete development was dependent both on the concen- identification of another gene expressed in other or all life-
tration of cells during development and on electroporation. cycle stages will be necessary for analysis of gene expression
The latter resulted in a lower yield of mature ookinetes. By in asexual or sporozoite stages. Nonetheless, the successful
using several different electroporation conditions and then introduction and expression of a foreign gene in a malaria
assaying for ookinete development by microscopic examina- parasite demonstrate the feasibility of this approach to devel-
tion, we determined electroporation conditions (2500 V/cm, oping methods for the functional analysis of parasite genes.
25 $F in Cytomix) which routinely gave an -50% reduction
in the yield of mature ookinetes (data not shown). K.M. was supported by the Fulbright International Scholars
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